
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Chinbold et al. Cell Communication and Signaling          (2024) 22:348 
https://doi.org/10.1186/s12964-024-01721-8

Cell Communication 
and Signaling

*Correspondence:
Raekil Park
rkpark@gist.ac.kr
1Department of Biomedical Science and Engineering, Gwangju Institute 
of Science and Technology, Gwangju 61005, Republic of Korea
2School of Life Sciences, Ulsan National Institute of Science and 
Technology, Ulsan, Republic of Korea

Abstract
Background  Primary cilia on the surface of eukaryotic cells serve as sensory antennas for the reception and 
transmission in various cell signaling pathways. They are dynamic organelles that rapidly form during differentiation 
and cell cycle exit. Defects in these organelles cause a group of wide-ranging disorders called ciliopathies. Tonicity-
responsive enhancer-binding protein (TonEBP) is a pleiotropic stress protein that mediates various physiological and 
pathological cellular responses. TonEBP is well-known for its role in adaptation to a hypertonic environment, to which 
primary cilia have been reported to contribute. Furthermore, TonEBP is involved in a wide variety of other signaling 
pathways, such as Sonic Hedgehog and WNT signaling, that promote primary ciliogenesis, suggesting a possible 
regulatory role. However, the functional relationship between TonEBP and primary ciliary formation remains unclear.

Methods  TonEBP siRNAs and TonEBP-mCherry plasmids were used to examine their effects on cell ciliation rates, 
assembly and disassembly processes, and regulators. Serum starvation was used as a condition to induce ciliogenesis.

Results  We identified a novel pericentriolar localization for TonEBP. The results showed that TonEBP depletion 
facilitates the formation of primary cilia, whereas its overexpression results in fewer ciliated cells. Moreover, TonEBP 
controlled the expression and activity of aurora kinase A, a major negative regulator of ciliogenesis. Additionally, 
TonEBP overexpression inhibited the loss of CP110 from the mother centrioles during the early stages of primary cilia 
assembly. Finally, TonEBP regulated the localization of PCM1 and AZI1, which are necessary for primary cilia formation.

Conclusions  This study proposes a novel role for TonEBP as a pericentriolar protein that regulates the integrity of 
centriolar satellite components. This regulation has shown to have a negative effect on ciliogenesis. Investigations 
into cilium assembly and disassembly processes suggest that TonEBP acts upstream of the aurora kinase A - histone 
deacetylase 6 signaling pathway and affects basal body formation to control ciliogenesis. Taken together, our data 
proposes previously uncharacterized regulation of primary cilia assembly by TonEBP.
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Background
Primary cilia are microtubule-based organelles localized 
on the cell surface that serve as sensors of the extracellu-
lar environment and are involved in multiple cell-signal-
ing stimuli during tissue homeostasis and development 
[1]. Ciliogenesis, generation of primary cilia, is a crucial 
and complex process involving the trafficking of pre-cil-
iary vesicles at the centrioles, formation of basal bodies 
from mother centrioles, and consequent accumulation 
of ciliary components that allows the axoneme and cili-
ary vesicle to grow and develop into primary cilia [2]. 
Moreover, ciliogenesis is tightly regulated by centriolar 
satellites, a group of mobile membraneless granules that 
localize and travel around centrioles [3, 4]. Centriolar sat-
ellites, which control the integration of necessary ciliary 
components that form the primary cilium, are essential 
for efficient ciliogenesis [5–7]. Defects in primary cilio-
genesis have been associated with a group of genetic dis-
orders called ciliopathies, which affect different organ 
systems and often manifest with a wide range of symp-
toms including developmental delays, renal anomalies, 
and retinal degeneration [8]. Multitude of different ion 
channels and receptors that mediate the transduction 
of cell signaling via Hedgehog signaling, Wnt signaling, 
neurotransmitters, and growth factors are contained in 
primary cilia [9–12]. Owing to the importance of ciliated 
cells, the assembly and disassembly processes of primary 
cilia are heavily studied [2, 13].

Tonicity-responsive enhancer binding protein 
(TonEBP), also known as nuclear factor of activated 
T-cells 5 (NFAT5), a member of the Rel family of tran-
scription factors, was first identified as a key tran-
scription factor activated in response to changes in 
tonicity [14]. In response to hyperosmolarity, TonEBP 
translocates to the nucleus and activates the transcrip-
tion of multiple target genes, further contributing to the 
accumulation of organic osmolytes that regulate osmotic 
pressure [15–17]. Interestingly, primary cilia are reported 
to contribute to the activation of TonEBP in response to 
hypertonicity [18]. Additionally, numerous studies have 
shown that TonEBP plays a critical role in a variety of 
non-tonicity-related cellular processes, such as WNT 
and Sonic Hedgehog signaling, which in turn promotes 
primary cilia formation [19–22] Furthermore, TonEBP 
interacts with other proteins in the cytosol and contrib-
utes non-transcriptionally to physiological processes, 
such as differentiation and autophagy [19, 23]. Signifi-
cantly, TonEBP has been suggested to co-localize and 
interact with histone deacetylase 6 (HDAC6), a key medi-
ator of primary cilia disassembly process [24]. Nonethe-
less, direct evidence for the role of TonEBP in ciliogenesis 
is obscure.

This study aimed at observing the relationship between 
TonEBP and ciliogenesis. The results showed a novel 

negative regulatory relationship between the two. We 
found that TonEBP localizes near the pericentriolar area 
to regulate centriolar satellite integrity. Correspond-
ingly, TonEBP silencing increased primary ciliogenesis, 
whereas TonEBP overexpression suppressed it.

Methods
Cell culture
Human telomerase reverse transcriptase-immortalized 
retinal pigmented epithelial (RPE1) cells were cultured 
in DMEM/F12 (11,320,033; Gibco-BRL) supplemented 
with 10% fetal bovine serum (FBS) and 100 IU/ml peni-
cillin (12,140,122; Gibco-BRL) at 37 °C and 5% CO2 in a 
humidified atmosphere. All cultures were confirmed neg-
ative for mycoplasma contamination. In all experiments, 
cells were maintained at approximately 80% confluence 
to avoid ciliogenesis caused by direct contact inhibition.

siRNA and plasmid transfection
siRNA transfection was performed using Lipofectamine 
RNAiMAX (13778075; Invitrogen) according to the 
manufacturer’s protocol. Cells were fixed at 24–48  h 
after transfection. siRNA sequences used in this study 
were; NFAT5 (#1) 5’-​G​A​C​C​A​U​G​G​U​C​C​A​A​A​U​G​C​A​A-3’ 
(10725-1, Bioneer) and NFAT5 TonEBP (#2) 5’-​C​U​G​U​
A​G​U​G​U​U​G​C​A​A​G​U​G​U​U-3’ (10725-3, Bioneer). Plas-
mid transfection was performed using Lipofectamine 
3000 reagent (L3000001, Invitrogen, CA, USA, ) accord-
ing to the manufacturer’s protocol. Cells were fixed 
and harvested at 24–48  h after transfection. CMV-
NFAT5-mCherry plasmid encoding the full-length 
version of wild-type human TonEBP with cytomega-
lovirus promoter was generated by Vector Builder 
(VB210324-1296qvx).

Reagents
Following primary antibodies were used in this study: 
rabbit anti-NFAT5 (PA1-023, Invitrogen), mouse Alexa 
Fluor 647 anti-gamma (γ) tubulin (ab191114, Abcam), 
mouse anti-acetylated tubulin (T7451, Sigma-Aldrich), 
rabbit anti-ARL13b (17711-1-AP, Proteintech), chicken 
anti-mCherry (TA150127, OriGene), rabbit anti-aurora 
kinase A (4718, Cell Signaling), rabbit anti-phosphor-
ylated aurora kinase A (2914, Cell Signaling), rabbit 
anti-Rab11 (71-5300, Invitrogen), rabbit anti-CP110 
(ab243696, Abcam), rabbit anti-IFT20 (13615-1-AP, Pro-
teintech), rabbit anti-PCM1 (G2000, Cell Signaling), anti-
beta actin HRP (sc-47778, Santa Cruz). HDAC6 inhibitor, 
Tubastatin A was purchased from APExBIO (A4101). 
Aurora kinase A primer sequence used in this study is F: 
5’-​G​C​A​G​A​T​T​T​T​G​G​G​T​G​G​T​C​A​G​T-3’, R: 5’-​T​C​C​G​A​C​C​
T​T​C​A​A​T​C​A​T​T​T​C​A-3’ (Macrogen).
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Immunofluorescence
Cells grown on coverslips were fixed with methanol 
at -20  °C for 10  min. Cells were rinsed thrice with PBS 
(10,010,023, Gibco) and followed by blocking with 3% 
bovine serum albumin (BSA; 22,070,004, BioWorld) for 
1 h at room temperature. Cells were then incubated over-
night with primary antibodies in 3% BSA, rinsed thrice 
with PBS, and labeled with fluorescent Alexa Fluor 488 
or Alexa Fluor 568 conjugated secondary antibodies for 
1 h. To detect the nuclei, coverslips were mounted with 
Prolong Gold antifade reagent containing DAPI (P36931, 
Sigma) and examined under EVOS M7000 Imaging Sys-
tem (#AMF7000, Invitrogen).

Western blot
Cells in the culture were washed with PBS, harvested, and 
centrifuged at 5,000  rpm for 5  min at 4  °C. Cell pellets 
were resuspended in RIPA lysis buffer (20 mM HEPES 
pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% sodium 
deoxycholate, 1 mM EDTA), supplemented with protease 
and phosphatase inhibitors (GenDEPOT, Barker), and 
centrifuged at 14,000 rpm for 10 min at 4 °C. SDS loading 
buffer was added to supernatant, which was then dena-
tured at 95 °C for 5 min. Proteins from cell lysates were 
separated by SDS–PAGE and transferred onto nitrocel-
lulose membranes. Membranes were blocked for 1  h at 
room temperature with 5% skim milk in Tris-buffered 
saline containing Tween buffer. Membranes were incu-
bated with primary antibodies overnight at 4 °C, followed 
by incubation with horseradish peroxidase-conjugated 
secondary antibodies for 1  h at room temperature, and 
visualized using Western Blot Detection Kit (LF-QC0103; 
WestSaveGOLD).

Statistical analysis
Statistical analysis of the data was performed using stu-
dent’s t-test. Differences were considered statistically sig-
nificant at p < 0.05.

Results
TonEBP is enriched at the pericentriolar area
Because primary cilia are based on mother centrioles [2], 
we examined TonEBP localization in relation to the cen-
trosome. Towards this end, we used RPE1 cells to stain 
with antibodies for TonEBP and γ-tubulin. As shown in 
Fig. 1A, TonEBP was particularly enriched in the nuclei 
and at the centrosomes, revealing a co-localization to the 
puncta of γ-tubulin in G1 and S/G2 phases of RPE1 cells. 
Next, we subjected cells to serum starvation for 24 h to 
investigate TonEBP localization in ciliated cells. Surpris-
ingly, TonEBP signals remained in both the daughter and 
mother centrioles of ciliated cells (Fig.  1B). To provide 
further evidence to support these findings, we overex-
pressed TonEBP-mCherry in RPE1 cells. Consistently 

with γ-tubulin localization, TonEBP transfected cells 
showed accumulation of TonEBP at the centrioles and 
pericentriolar region (Fig. 1C).

TonEBP responds to hypertonic stress, increas-
ing its expression, and translocates into the nuclei [14]. 
Accordingly, we examined TonEBP expression and 
localization during this stimulus. Interestingly, the peri-
centriolar localization of TonEBP persisted, whereas 
nuclear TonEBP signals showed higher accumulation 
with increased intensity of protein expression (Supp. Fig-
ure 1A, B.). Taken together, our data implied that TonEBP 
is a novel and distinguished pericentriolar protein.

Depletion of TonEBP increases the percentage of ciliated 
cells in a dose-dependent manner
Based on previous findings (Fig.  1), we investigated the 
role of TonEBP in primary cilia formation. To avoid the 
off-target effects of siRNA, we used two TonEBP siR-
NAs, both of which showed high knockdown efficiency 
(Fig.  2A). Next, we silenced TonEBP for 24  h, followed 
by serum starvation for 24 h and examined the presence 
of ciliated cells. Primary cilia were observed in TonEBP-
depleted cells under both serum-fed and starved condi-
tions, whereas the control groups presented primary 
cilia only under serum starvation (Fig. 2B). Notably, the 
percentage of ciliated cells in TonEBP depletion alone 
was lower than that in the absence of serum, indicat-
ing that certain factors of ciliogenesis are induced by 
the absence of serum and are not controlled by TonEBP 
(Fig.  2C). Furthermore, the length of primary cilia in 
TonEBP depletion conditions was comparable to that 
in serum-starved conditions, suggesting that TonEBP 
mainly affects the initiation of ciliogenesis rather than its 
progression (Fig.  2D). Accordingly, TonEBP depletion-
induced ciliated cells displayed an absence of TonEBP 
signals from the centrioles (Fig.  2E). Finally, we exam-
ined the dose-dependent effects of TonEBP depletion. As 
shown in Fig.  2F, the number of ciliated cells paralleled 
TonEBP protein levels. Collectively, our data proposed 
a novel role for TonEBP as a ciliogenesis suppressor in 
RPE1 cells.

Overexpression of TonEBP markedly suppresses 
ciliogenesis
Because TonEBP depletion promoted ciliogenesis, we 
speculated that TonEBP overexpression could inhibit the 
formation of primary cilia. Therefore, we used TonEBP-
mCherry plasmid to examine its effect on ciliation rate. 
After successful transfection with TonEBP-mCherry 
(Fig. 3A), cells were further incubated for 24 h, followed 
by 24 h of serum starvation. Consequently, TonEBP over-
expression significantly blocked primary ciliogenesis 
compared to non-transfected cells under serum-starved 
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Fig. 1  TonEBP is enriched at the pericentriolar area. a. RPE1 cells were immunostained for TonEBP (green) and γ-tubulin (red). Scale bar, 10 μm. Zoom 
scale bar, 2 μm; b. Cells were serum staved for 24 h and immunostained for TonEBP (green), acetylated tubulin (red), and γ-tubulin (magenta). Scale bar, 
10 μm. Zoom scale bar, 2 μm; c. Cells were transfected with TonEBP-mCherry plasmid for 24 h and immunostained for TonEBP (green), mCherry (red) and 
γ-tubulin (magenta). Scale bar, 10 μm
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Fig. 2 (See legend on next page.)
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conditions (Fig.  3B, C). These results confirmed the 
inhibitory role of TonEBP in primary ciliary formation.

TonEBP regulates the expression and activity of aurora A 
kinase
Primary cilia dynamics are dependent on primary cilia 
assembly and disassembly factors [2, 13]. Although 
serum starvation is widely used to study cilium forma-
tion, serum restimulation reflects primary cilium disas-
sembly [13, 25]. Given its inhibitory role in ciliogenesis, 
we examined whether TonEBP affects primary cilium 
resorption. As shown in Fig. 4A, we first serum-starved 
RPE1 cells, followed by TonEBP knockdown for 24  h, 
and then re-stimulated the cells with serum. While con-
trol cells showed a dramatic decrease in the number of 
ciliated cells as early as 6 h of serum re-stimulation and 
displayed minimal ciliation levels at 24  h, depletion of 
TonEBP with two different siRNA constructs suppressed 
primary cilia disassembly, even after 24 h of serum stim-
ulation (Fig.  4B, C). These observations prompted us to 
investigate whether TonEBP plays a role in primary cil-
ium disassembly. Aurora kinase A is a major mediator 
of the primary cilium disassembly process and the main 
negative regulator of ciliogenesis [26]. Therefore, we 
examined the relationship between TonEBP and aurora 
kinase A. First, we depleted TonEBP under serum-fed, 
starved, and restimulated conditions to examine the 
aurora kinase A levels. Both total and phosphorylated 
forms of aurora kinase A disappeared in serum-starved 
conditions and were rescued only in the presence of 
serum, whereas in TonEBP-silenced samples, aurora 
kinase A was completely abolished regardless of serum 
content. Consequently, depletion of TonEBP showed 
significant decrease in aurora kinase A mRNA (Fig. 4D). 
Next, we overexpressed TonEBP in RPE1 cells, followed 
by serum starvation for 24  h, and analyzed the expres-
sion of aurora kinase A. As expected, exogenous TonEBP 
increased the expression of aurora kinase A, even under 
serum-starved conditions (Fig.  4E). These results sug-
gested that TonEBP controls the abundance and activity 
of aurora kinase A.

Next, we inhibited the catalytic activity of aurora kinase 
A using the potent inhibitor, Alisertib. First, we con-
firmed the effects of Alisertib on aurora kinase A activity. 

There was a marked decrease in the level of phosphory-
lated aurora kinase A in RPE1 cells (Supp. Figure  2A). 
However, Alisertib failed to rescue ciliogenesis in 
TonEBP-mCherry-overexpressing cells (Supp. Figure 2B). 
A recent study reported the co-localization of TonEBP 
and HDAC6, a downstream effector of aurora kinase A, 
which deacetylates and destabilizes the ciliary axoneme 
to promote its disassembly [24, 27]. Hence, we specu-
lated that TonEBP directly activates HDAC6. Therefore, 
we used the HDAC6 inhibitor, Tubastatin A, which effi-
ciently increased acetylated tubulin levels (Supp. Fig-
ure  2C). However, treatment with Tubastatin A did not 
rescue the primary cilia in TonEBP-mCherry-transfected 
cells.

Overall, these results suggested that aurora A-HDAC6 
pathway is not the sole mediator of TonEBP overexpres-
sion-induced suppression of ciliogenesis.

Overexpression of TonEBP inhibits CP110 degradation 
from the mother centrioles
Because the inhibition of primary cilium disassem-
bly process alone did not rescue ciliogenesis, we exam-
ined the process of primary cilium formation. We used 
Rab11 and EHD1 as markers for pre-ciliary vesicles and 
examined their trafficking to mother centrioles [28, 29]. 
As shown in Fig.  5A and B, TonEBP-transfected cells 
showed accumulation of both Rab11 and EHD1 signals at 
the centrioles, suggesting that the activation and traffick-
ing of pre-ciliary vesicles were not affected by TonEBP. 
Next, we examined the formation of basal bodies, a criti-
cal early control mechanism for the initiation of ciliogen-
esis, in which CP110 is removed from mother centrioles 
to promote ciliary axoneme formation [30, 31]. Interest-
ingly, only around 20% of TonEBP-mCherry-transfected 
cells displayed the absence of CP110 signals from the 
mother centrioles, indicating that basal body formation 
was suppressed by TonEBP transfection (Fig.  5C, D). 
These results indicated that TonEBP inhibits the forma-
tion of basal bodies and thereby ciliogenesis.

TonEBP regulates PCM1 and AZI1 localization
Recent studies revealed that CP110 loss from the mother 
centrioles depends on the integrity of centriolar satel-
lites [7, 32, 33]. Because it is considered an essential 

(See figure on previous page.)
Fig. 2  Depletion of TonEBP increases the percentage of ciliated cells in a dose-dependent manner. a. RPE1 cells were transfected with TonEBP siRNA for 
24 h and used to measure protein expression by Western blot; b. Cells were transfected with siRNAs against TonEBP for 24 h, followed by 24 h of serum 
starvation, and immunostained for ARL13b (green) and γ-tubulin (red). Scale bar, 25 μm; c. Quantification of ciliated cell percentage as shown in (B). Data 
is represented as mean ± SD (n = 3 experiments). Two hundred cells were scored per condition per experiment; *P < 0.05, **P < 0.01, ***P < 0.001, Student’s 
t-test; d. Quantification of average primary cilia length as shown in (B). Data is represented as mean ± SD (n = 3 experiments). Two hundred cells were 
scored per condition per experiment; NS > 0.05, Student’s t-test; e. Cells were transfected with siRNAs against TonEBP for 24 h, followed by 24 h of serum 
starvation, and immunostained for TonEBP (green), acetylated tubulin (red), and γ-tubulin (magenta). Scale bar, 10 μm. Zoom scale bar, 2 μm; f. Cells 
were transfected with different concentrations of TonEBP siRNA for 24 h and subjected to Western blot. They were used to quantify the percentage of 
ciliated cells. Data is represented as mean ± SD (n = 3 experiments). Two hundred cells were scored per condition per experiment; **P < 0.01, ***P < 0.001, 
Student’s t-test
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component of centriolar satellites, we analyzed PCM1 
localization in TonEBP-mCherry-transfected cells [5]. 
Interestingly, cells exhibited minimal PCM1 signaling in 
the pericentriolar region (Fig.  6A, B). Moreover, AZI1, 
an additional core member of centriolar satellites, was 
abolished in TonEBP-overexpressed cells (Fig. 6C, D) [34, 
35]. Next, we silenced TonEBP to examine the distribu-
tion of PCM1 and AZI1 throughout cells. Accordingly, 
TonEBP depletion resulted in the accumulation of PCM1 
and AZI1 signals in the pericentriolar area, whereas con-
trol cells displayed dispersed puncta of these proteins 
(Fig. 6E, F). These results suggested that TonEBP inhibits 
ciliogenesis by regulating centriolar satellite integrity.

Discussion
In this study, we provided evidence for a previously 
unidentified role of TonEBP in primary ciliogenesis. 
This was based on the following results. First, TonEBP 
is enriched in the pericentriolar area. Second, the deple-
tion of TonEBP resulted in robust ciliation, whereas 
its overexpression inhibited the formation of primary 
cilia. Third, TonEBP was revealed as an upstream sig-
nal of aurora kinase A. Fourth, TonEBP overexpression 
inhibited the formation of basal bodies during ciliogen-
esis. Lastly, TonEBP was involved in centriolar satellite 

organization. Taken together, our results suggest that 
TonEBP regulates centriolar satellite integrity to control 
primary cilia assembly. These findings suggested that 
TonEBP functions in the pericentriolar area to regulate 
the abundance of centriolar satellite components that 
constrain the formation of primary cilia.

TonEBP is a dynamic transcription factor that local-
izes to both the nucleus and cytoplasm. Under relevant 
stimuli, such as hypertonicity, TonEBP is rapidly traf-
ficked to the nucleus. Therefore, the functional aspect 
of TonEBP is often studied as a transcription factor in 
context of investigating its target genes [36]. However, 
only few publications shed a light on the cytoplasmic 
role of TonEBP, leaving the subject largely unknown [23, 
24]. The cytoplasmic distribution of TonEBP is thought 
to be largely diffused and pancytosolic [24, 37]. In this 
study, we observed a significant presence of TonEBP in 
the nucleus and discovered a compelling accumulation 
of TonEBP in the pericentriolar region. Interestingly, the 
persistent pericentriolar localization of TonEBP during 
serum starvation and hypertonic stress, suggests an inde-
pendent role of TonEBP as a notable protein of pericent-
riolar material.

Primary cilia are dynamic organelles that assemble on 
mother centrioles and basal bodies, and are intricately 

Fig. 3  Overexpression of TonEBP markedly suppresses ciliogenesis. a. RPE1 cells were transfected with TonEBP-mCherry plasmid for 24 h and then sub-
jected to Western blot; b. Cells were transfected with TonEBP-mCherry plasmid for 24 h, followed by serum starvation, and immunostained for ARL13b 
(green), mCherry (red), and γ-tubulin (magenta). Scale bar, 10 μm; c. Quantification of ciliated cell percentage as shown in (B). Data is represented as 
mean ± SD (n = 3 experiments). One hundred fifty cells were scored per condition per experiment; ***P < 0.001, Student’s t-test
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Fig. 4 (See legend on next page.)
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regulated by pericentriolar material [5–7]. Consider-
ing TonEBP as a potential pericentriolar component, 
we speculated that it is involved in process of ciliogen-
esis. Surprisingly, TonEBP depletion increased the rate of 
ciliation under serum-fed conditions. This suggests that 
TonEBP negatively regulates ciliogenesis. Notably, the 
combination of serum starvation and TonEBP knock-
down resulted in higher levels of ciliation than that in 
TonEBP knockdown alone, indicating that TonEBP does 
not exclusively govern ciliogenesis. However, its overex-
pression dramatically decreased the number of ciliated 
cells, confirming its suppressive role.

Aurora kinase A is a major mediator of the negative 
regulation of primary cilia, where it activates histone 
deacetylase 6 (HDAC6), which destabilizes axonemal 
microtubules to disassemble the organelle [13, 26, 27]. 
Furthermore, TonEBP has been proposed to co-localize 
with HDAC6, suggesting possible functional interac-
tions [24]. TonEBP depletion caused a rapid decrease in 
aurora kinase A levels, which contributed to an increase 
in the number of ciliated cells. Moreover, TonEBP-
silenced cells retained the abolished levels of aurora 
kinase A, even after serum re-stimulation, suggesting 
that TonEBP is required for primary cilium disassem-
bly. TonEBP overexpression consistently elevated the 
expression and activity of aurora kinase A, suggesting 
upstream regulation of the latter. However, inhibition of 
aurora kinase A and HDAC6 did not rescue ciliogenesis 
in TonEBP-transfected cells, suggesting that the inhibi-
tory effect of TonEBP on primary cilia is not limited to 
aurora kinase A and HDAC6. Similarly to TonEBP, recent 
publications have shown that trichoplein inhibits cilio-
genesis independent of aurora kinase A, despite its ability 
to modulate the expression and activity of the latter [34]. 
Additionally, aurora kinase A localizes to the centrioles in 
proliferating cells and disappears during ciliogenesis [34, 
35]. Unfortunately, we couldn’t detect any aurora kinase 
A signal using immunofluorescence experiments. Nev-
ertheless, given the novel pericentriolar localization of 
TonEBP and its upstream regulation, it is plausible that 
TonEBP is required for the localization of aurora kinase 
A.

Examination of primary cilia assembly processes 
revealed that TonEBP overexpression did not affect 
Rab11 or EHD1 localization to the mother centrioles, 
suggesting that the trafficking of pre-ciliary vesicles was 

not affected by TonEBP. Next, EHD1 fuses together pre-
ciliary vesicles and assemble into ciliary vesicle, which 
stimulates the formation of basal bodies [2, 30]. The 
generation of basal bodies involves the degradation and 
removal of CP110 protein from the mother centriole to 
allow nucleation and extension of the ciliary axoneme [2, 
31, 32, 38]. Removal of CP110 is a key and decisive event 
that promotes the formation of primary cilia, and is con-
sidered a major negative regulator of ciliogenesis [2, 31]. 
Interestingly, TonEBP transfection inhibited CP110 loss 
even with EHD1 positive mother centrioles. These results 
were similar to recent report, where basal body forma-
tion was not dependent on pre-ciliary/ciliary vesicle [39, 
40].

Several studies reported that centriolar satellites regu-
late the formation of basal bodies [7, 32, 33]. Interest-
ingly, under serum-starved conditions, TonEBP was 
observed at the centrosomes, suggesting a reorganizing 
role in the pericentriolar region and ciliogenesis. Accord-
ingly, TonEBP-transfected cells displayed a distinct lack 
of PCM1 signal at the pericentriolar area. PCM1, as a 
fundamental and core member of centriolar satellites, 
regulates the abundance of other centriolar satellite com-
ponents, such as AZI1, and is thought to be required 
for ciliogenesis [5, 7, 41–43]. Correspondingly, TonEBP 
overexpression abolished the localization of AZI1. More-
over, TonEBP depletion resulted in increased aggregation 
of PCM1 and AZI1 in the pericentriolar area, providing 
additional functional evidence for the role of TonEBP as 
a pericentriolar protein. Centriolar satellites have been 
notably proposed to regulate the abundance and activ-
ity of aurora kinase A at the centrioles [35]. This may 
explain the relationship between TonEBP and aurora 
kinase A. The integrity of centriolar satellites is depen-
dent on multitude of factors such as intact microtubule 
network, protein turnover/trafficking, cellular stresses 
and posttranslational modification of PCM1 [4]. The cen-
triolar satellite abundance is also dependent on mother 
centriole itself, as depletion of various distal appendage 
proteins abolished PCM1 niche at the pericentriolar area 
[44]. Moreover, DISC1 and BBS4 have been shown to be 
required to PCM1 localization as well and are synergisti-
cally associated with mental pathologies, such as schizo-
phrenia [45]. Given this vast network of governance, 
additional investigations are required to elucidate the 
precise impact of TonEBP on PCM1 distribution.

(See figure on previous page.)
Fig. 4  TonEBP regulates the expression and activity of aurora A kinase. a. RPE1 cells were serum-starved for 24 h, transfected with TonEBP siRNA for 24 h, 
followed by serum stimulation, and harvested at different time points, as indicated; b. Cells were transfected with siRNAs against TonEBP for 24 h, followed 
by 24 h of serum starvation, and immunostained for ARL13b (green) and γ-tubulin (red). Scale bar, 25 μm; c. Quantification of ciliated cell percentage as 
shown in (B). Data is represented as mean ± SD (n = 3 experiments). Two hundred cells were scored per condition per experiment; **P < 0.01, ***P < 0.001, 
Student’s t-test; d. Cells were transfected with TonEBP siRNA for 24 h, serum-starved, followed by serum restimulation. Then, cells were harvested at differ-
ent time points and subjected to Western blot and qPCR. qPCR data is represented as mean ± SD (n = 3 experiments). ***P < 0.001, Student’s t-test; e. Cells 
were transfected with TonEBP-mCherry plasmid for 24 h, followed by serum starvation, and subjected to Western blot and qPCR. qPCR data is represented 
as mean ± SD (n = 3 experiments). *P < 0.05, Student’s t-test
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Fig. 5  Overexpression of TonEBP inhibits the CP110 removal from mother centrioles to suppress ciliogenesis. a. Cells were transfected with TonEBP-
mCherry for 24 h, followed by serum starvation 24 h, and stained with antibodies against Rab11 (green), mCherry (red) and γ-tubulin (magenta). Scale 
bar, 25 μm; b. Cells were transfected with TonEBP-mCherry for 24 h, followed by serum starvation 24 h, and stained with antibodies against EHD1 (green), 
mCherry (red) and γ-tubulin (magenta). Scale bar, 25 μm. Arrows indicate colocalization of EHD1 and y-tubulin; c. Cells were transfected with TonEBP-
mCherry for 24 h, followed by serum starvation 24 h, and stained with antibodies against CP110 (green), mCherry (red) and γ-tubulin (magenta). Scale 
bar, 10 μm. Zoom scale bar, 2 μm; d. Quantification of the percentage of cells with two CP110 puncta at the centrioles shown in (C). Data is represented 
as mean ± SD (n = 3 experiments). One hundred fifty cells were scored per condition per experiment; ***P < 0.001, Student’s t-test

 



Page 11 of 13Chinbold et al. Cell Communication and Signaling          (2024) 22:348 

Fig. 6  TonEBP regulates PCM1 and AZI1 localization. a. RPE1 cells were transfected with TonEBP-mCherry for 24 h, followed by serum starvation 24 h, and 
immunostained for PCM1 (green), mCherry (red) and γ-tubulin (magenta). Scale bar, 20 μm; b. Quantification of the percentage of PCM1 positive cells as 
shown in (A). Data is represented as mean ± SD (n = 3 experiments). Two hundred cells were scored per condition per experiment; ***P < 0.001, Student’s 
t-test; c. Cells were transfected with TonEBP-mCherry for 24 h, followed by serum starvation 24 h, and immunostained for AZI1 (green), mCherry (red) and 
γ-tubulin (magenta). Scale bar, 20 μm; d. Quantification of the percentage of AZI1 positive cells as shown in (A). Data is represented as mean ± SD (n = 3 
experiments). Two hundred were scored per condition per experiment; ***P < 0.001, Student’s t-test; e. Cells were transfected with TonEBP siRNA for 24 h 
and immunostained for PCM1 (green) and γ-tubulin (red). Scale bar, 20 μm; f. Cells were transfected with TonEBP siRNA for 24 h and immunostained for 
AZI1 (green) and γ-tubulin (red). Scale bar, 20 μm
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Conclusion
Overall, our observations provide a novel functional link 
between TonEBP and ciliogenesis, revealing a new physi-
ological function of TonEBP. Pericentriolar localization 
of TonEBP contributes to the centriolar satellite orga-
nization. Disruption of centriolar satellite integrity by 
TonEBP overexpression prevents the removal of CP110 
from mother centrioles and the formation of basal bod-
ies to promote ciliogenesis. Additionally, TonEBP is an 
upstream regulator of aurora kinase A expression and 
activity. Therefore, these results indicate that pericent-
riolar TonEBP controls aurora kinase A and regulates the 
integrity of centriolar satellites at the early stages of cil-
iogenesis (Fig. 7). Further research in required to unravel 
the exact mechanism through which TonEBP contributes 
to centriolar satellites organization and ciliogenesis.
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