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Oncoprotein CIP2A promotes the disassembly of
primary cilia and inhibits glycolytic metabolism
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Abstract

In most mammalian cells, the primary cilium is a microtubule-
enriched protrusion of the plasma membrane and acts as a key
coordinator of signaling pathways during development and tissue
homeostasis. The primary cilium is generated from the basal body,
and cancerous inhibitor of protein phosphatase 2A (CIP2A), the
overexpression of which stabilizes c-MYC to support the malignant
growth of tumor cells, is localized in the centrosome. Here, we
show that CIP2A overexpression induces primary cilia disassembly
through the activation of Aurora A kinase, and CIP2A depletion
increases ciliated cells and cilia length in retinal pigment epithe-
lium (RPE1) cells. CIP2A depletion also shifts metabolism toward
the glycolytic pathway by altering the expression of metabolic
genes related to glycolysis. However, glycolytic activation in CIP2A-
depleted cells does not depend on cilia assembly, even though
enhanced cilia assembly alone activates glycolytic metabolism.
Collectively, these data suggest that CIP2A promotes primary cilia
disassembly and that CIP2A depletion induces metabolic repro-
gramming independent of primary cilia.
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Introduction

The primary cilium, a microtubule-enriched protrusion of the

plasma membrane in most eukaryotic cells, has been proposed as a

key coordinator of signaling pathways during development and

tissue homeostasis. Therefore, primary cilia defects may cause

human diseases and a developmental disorder known as ciliopathy

[1]. Most ciliopathies appear as genetic syndromes, such as Joubert

syndrome, Bardet–Biedl syndrome (BBS), Alström syndrome

(ALMS), Meckel–Gruber syndrome (MKS), and nephronophthisis

(NPHP) [2]. Interestingly, certain subclasses of ciliopathies, such as

BBS and ALMS, are linked to obesity and diabetes [3–5]. It was

recently revealed that primary ciliary signaling at the hypothalamus

controls body weight through the regulation of satiety signaling and

food intake [6,7]. However, a role for primary cilia in metabolic

homeostasis remains unknown.

Several studies have shown that primary cilia deficiency plays a

role in cancer [8,9]. Primary cilia are decreased or lost in a variety of

cancer types, including breast, prostate, ovarian, skin, and pancreatic

cancer and in renal cell carcinoma and basal cell carcinoma [10–15].

In general, it was considered that the appearance and disappearance

of primary cilia passively depend on the cell cycle [16,17]. However,

recent studies have shown that primary cilia actively act as a check-

point to prevent cell cycle re-entry [18,19]. Therefore, it is assumed

that the disassembly of the primary cilia promotes tumorigenesis by

dysregulating the cell cycle. Indeed, it is known that Aurora A and

HEF1 oncoproteins dysregulate cell cycle and also promote ciliary

disassembly [20]. In addition, most kinases, such as Aurora A, Plk1,

and NEK2, which spatiotemporally regulate correct cell division, are

highlighted as negative regulators of ciliogenesis [20–23]. These

results suggest that ciliogenesis and cell cycle are closely linked to

each other and that they have bidirectional aspects.

A decade ago, cancerous inhibitor of protein phosphatase 2A

(CIP2A) was revealed as an oncogenic protein overexpressed in

most human cancers and is involved in the progression of several

human malignancies via the inhibition of protein phosphatase 2A

(PP2A) activity, leading to c-MYC stabilization [24]. CIP2A also

interacts with NEK2 during G2/M phase and enhances NEK2 kinase

activity to facilitate centrosome separation [25]. Because NEK2 regu-

lates cilia disassembly through a concerted mechanism involving

Kif24-mediated microtubule depolymerization, we investigated

whether CIP2A promotes cilia disassembly. On the other hand,

cancer cells efficiently reprogram their metabolism to acquire neces-

sary nutrients and utilize those nutrients for growth and for cellular

building blocks, even if oxygen is not limited [26,27]. This metabolic
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shift is mediated by the aberrant activation of signaling pathways and

oncogenic factors, leading to the altered expression of genes involved

in glucose import, catabolism, and anabolism [28]. In this study,

since c-MYC is considered a master modulator of growth and cellular

metabolic pathways [29] and CIP2A mediates cancer progression

through the metabolic pathway [30], we investigated whether CIP2A

plays a role in primary cilia disassembly, whether CIP2A affects meta-

bolic reprogramming, and whether cilia assembly is able to shift

metabolism toward the glycolytic pathway.

Results

CIP2A overexpression induces cilia disassembly, and CIP2A
depletion increases both the number of ciliated cells and cilia
length in RPE1 cells

Because immortalized human retinal pigment epithelial (hTERT-

RPE1) cells assemble primary cilia at a high frequency, this cell line

was used to determine whether CIP2A affects cilia assembly or

disassembly (ciliogenesis). First, we observed location of CIP2A at

the end of primary cilia. To address where CIP2A localizes exactly,

CIP2A location was compared with the location of various markers

including c-tubulin (basal body), CEP164 (distal end of centriole),

CEP290 (proximal end of centriole), and TMEM67 (transition zone).

CIP2A co-localized with TMEM67 at transition zone (TZ) (Fig 1A).

Because primary cilia assembly is enhanced under serum-starved

conditions, and cilia disassembly occurs when cells are re-

stimulated by serum-containing media [20], we evaluated whether

the protein level of CIP2A is regulated by those conditions. CIP2A

expression was downregulated after 24 h under serum-starved

condition and slowly elevated after serum re-stimulation (Fig 1B).

We also confirmed the decreased level of CIP2A after serum starva-

tion (S.S.) and increased level of CIP2A after serum re-stimulation

by immunostaining (Fig EV1A). As CIP2A localized at TZ and

serum re-stimulation elevated the expression of CIP2A, we tested

whether CIP2A accumulates more at TZ after re-stimulation. CIP2A

gradually increased after serum re-stimulation and accumulated at

TZ to a higher degree at 5 h post-re-stimulation (Figs 1C and EV1B).

These data indicate that CIP2A is involved in ciliogenesis under the

physiological conditions.

To determine the role of CIP2A in ciliogenesis, ciliogenesis was

investigated in CIP2A-overexpressing or CIP2A-depleted cells.

Compared with GFP-transfected cells, cells overexpressing GFP-

CIP2A showed a decreased number of ciliated cells and decreased

ciliary length (Fig 1D and E). In contrast, compared with control

cells, CIP2A-depleted cells mostly showed an increased ciliary

length (Fig 1F and G, median ciliary length in control cells: 4.033, in

CIP2A-depleted cells: siCIP2A #1; 5.033, siCIP2A #2; 6.692, siCIP2A

#3; 4.832 lm). When CIP2A was depleted, the percentage of ciliated

cells increased under growing conditions. Under serum-starved

conditions, the basal level of ciliated cells increased, and CIP2A

depletion additionally increased the number of ciliated cells. As we

previously reported that the interaction between CIP2A and NEK2

enhances NEK2 kinase activity [25], and NEK2 promotes primary

cilia disassembly through Kif24-mediated microtubule depolymer-

ization [31], ciliation in NEK2-depleted cells was also examined.

Consistent with previous reports, NEK2 depletion increased the

levels of ciliation in both growing and serum-starved conditions.

Next, we determined whether CIP2A is involved in cilia disassembly

by observing the percentage of ciliated cells after serum re-stimula-

tion in CIP2A- or NEK2-depleted cells. The percentage of ciliated

cells decreased to 43.9% after 24 h of serum re-stimulation in

control cells, indicating that cilia disassembly occurred. However,

▸Figure 1. CIP2A localizes at the transition zone and regulates ciliogenesis.

A Immunofluorescence images of endogenous CIP2A and primary cilia in RPE1 cells. Cells were fixed with methanol and stained with antibodies specific for CIP2A (red)
and ARL13b or c-tubulin, CEP164, CEP290, and TMEM67 (green). DNA was stained with DAPI (blue). Shown are the maximum projections from z stacks; scale
bar = 5 lm.

B Cells were serum-starved (SS) for the indicated time, and serum was added for 1 or 2 h. The expression of CIP2A was analyzed by immunoblot and b-actin served as
the loading control.

C RPE1 cells were serum-starved (SS) for 24 h, and serum was added for the indicated times. For endogenous co-immunoprecipitation analysis, cell lysates were
immunoprecipitated (IP) with anti-CIP2A at each time point and IP proteins were analyzed by immunoblot.

D Immunofluorescence images of RPE1 cells transfected with GFP or GFP-CIP2A following serum starvation for 48 h. Primary cilia were stained with antibodies specific
for ARL13b (red). DNA was stained with DAPI (blue). Shown are the maximum projections from z stacks of representative GFP- or GFP-CIP2A-transfected cells. Scale
bar = 10 lm. The percentage of GFP-positive cells with primary cilia was determined (n > 50 cells/condition). The average of three independent experiments is
shown, with error bars representing s.d. **P < 0.01 compared with GFP-transfected cells (one-tailed Student’s t-test).

E Cilium length of each cell was measured using ImageJ software. Mean of each cilium length from 13 cells for GFP-transfected condition and 7 cells for GFP-CIP2A
transfected condition is presented with error bars representing s.d. as a graph made using GraphPad Prism software. Data points are derived from a single
experiment. *P < 0.05 compared to GFP-transfected cells (one-way ANOVA).

F RPE1 cells stably expressing Smo-EGFP (RPE1-Smo-EGFP) transiently transfected with control, CIP2A #1, CIP2A #2, or CIP2A #3 siRNA, were serum-starved for 48 h,
fixed, and stained with antibodies against c-tubulin (red) and DAPI (blue) for immunofluorescence analysis. Shown are the maximum projections from z stacks of
representative cells for each condition. Scale bar = 10 lm. The siRNAs against CIP2A were validated by immunoblot.

G Smo-EGFP fluorescence was used to measure cilium length. The average of measured cilium length is presented with error bars representing s.d. as a graph made
using GraphPad Prism software (n > 86 cells per condition). Data points are derived from a single representative experiment. *P < 0.05, **P < 0.01, ***P < 0.0001
compared with siControl (one-way ANOVA).

H RPE1 cells transfected with control, CIP2A #2, CIP2A #3, or NEK2 siRNA were cultured in each indicated condition. For growing conditions, cells were cultured in
complete media; for serum starvation, cells were cultured in serum-starved media for 48 h. Serum was added for 24 h after serum starvation. Cells were fixed and
stained with antibodies against ARL13b. The percentage of cells with primary cilia was determined for each condition (n > 20 cells/condition). The average of three
independent experiments is shown, with error bars representing s.d. *P < 0.05, **P < 0.01, ***P < 0.0001 compared to siControl cells of each condition (one-way
ANOVA). The knockdown of siRNAs against CIP2A and NEK2 was validated by immunoblot.

Source data are available online for this figure.
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the percentage of ciliated cells was 67.4–77.2% in CIP2A-depleted

cells and 65.6% in NEK2-depleted cells, and these percentages were

significantly higher than those of control cells. There was also no

additive increase in the percentage of ciliated cells when both CIP2A

and NEK2 were co-depleted (Fig 1H). These results indicate that

CIP2A and NEK2 play a role in cilia disassembly following serum re-

stimulation. Altogether, these results indicate that CIP2A acts as a

regulator of cilia disassembly and ciliary length.

CIP2A-mediated ciliogenesis is not associated with the cell cycle
and autophagy

We next determined whether CIP2A-mediated cilia dynamics regu-

late the cell cycle. No significant change in cell cycle distribution

was observed in either CIP2A-depleted (Fig 2A) or CIP2A-overex-

pressing (Fig 2B) cells. Because ciliary dynamics are regulated by

the cell cycle as well as other factors, it is conceivable that CIP2A-

mediated ciliogenesis is not closely related to cell cycle progression.

Meanwhile, autophagy promotes primary ciliogenesis [32], and

CIP2A inhibits autophagy [33]. Thus, it is possible that CIP2A

induces cilia disassembly via autophagy inhibition. However, no

significant change in LC3-II was observed in either CIP2A-depleted

or CIP2A-overexpressing cells (Fig 2C). Moreover, the percentage of

ciliated cells in CIP2A-depleted cells persisted, even when auto-

phagy was inhibited following treatment with bafilomycin and

chloroquine (Fig 2D). Collectively, these results indicate that CIP2A-

mediated ciliogenesis is not affected or regulated via cell cycle status

or autophagy.

CIP2A regulates cilia disassembly through the activation of
Aurora A kinase

NEKs play roles in ciliogenesis and/or function [34]. Specifically,

mutations in NEK1 and NEK8 have been identified in human

ciliopathy patients [35,36], and NEK4 is implicated in cilium stabil-

ity [37]. Hence, to elucidate the underlying molecular mechanism of

CIP2A-induced cilia disassembly, the interaction between CIP2A

and NEK family members was examined. Among NEKs, NEK2

A B

C D

Figure 2. Induced primary cilia assembly in CIP2A-depleted cells is not associated with the cell cycle and autophagy.

A RPE1 cells transfected with control, CIP2A #1, CIP2A #2, or CIP2A #3 siRNA were fixed and stained with propidium iodide solution for DNA and analyzed by flow
cytometry to determine DNA content. The percentage of cells in G1, G2/M, and S phases of the cell cycle was analyzed using FlowJo software. The average of three
independent experiments is shown, with error bars representing s.d.

B RPE1 cells transfected with Cherry or Cherry-CIP2A were fixed and stained to analyze DNA content as described in (A). The average of three independent experiments
is shown, with error bars representing s.d.

C RPE1 cells transfected with control siRNA, CIP2A #2 siRNA, CIP2A #3 siRNA, pcDNA3.1, or CIP2A-Flag were cultured in HBSS for 48 h. Next, 50 nM bafilomycin A1 (Baf)
was added for 24 h. Cell extracts were immunoblotted with antibodies against LC3, CIP2A, and b-actin.

D RPE1 cells transfected with control, CIP2A #1, CIP2A #2, or CIP2A #3 siRNA were serum-starved for 24 h, followed by treatment with 100 nM Baf or 50 nM
chloroquine (CQ) for 24 h. The percentage of cells with primary cilia was determined for each condition (n > 44 cells/condition). The average of three independent
experiments is shown, with error bars representing s.d. *P < 0.05, **P < 0.01 compared with siControl cells (one-tailed Student’s t-test).

Source data are available online for this figure.
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interacted most strongly with CIP2A. In addition, CIP2A bound to

NEK6, NEK8, NEK9, and NEK11 (Fig 3A). Aurora A and Plk1 are

well-known kinases that reside in the centrosome and enhance

ciliary resorption [20,22,38]. CIP2A is also located in the centro-

some. Thus, we investigated whether CIP2A forms a complex with

Aurora A and Plk1 and found that CIP2A interacted with both

kinases (Fig 3B).

To determine whether CIP2A affects the activity of kinases,

including Aurora A, Plk1, and NEK2, the phosphorylation level of

those kinases was examined in CIP2A-depleted cells. The level of

phosphorylation of Aurora A at T288 was reduced in CIP2A-

depleted cells, whereas no alteration in Plk1 or NEK2 phosphoryla-

tion was observed (Fig 3C). Next, to determine whether CIP2A

directly regulates Aurora A kinase activity, recombinant CIP2A was

incubated with Aurora A. Aurora A phosphorylation was elevated

by interaction with CIP2A (Fig 3D). Thus, we determined whether

CIP2A-mediated Aurora A activation is related to cilia disassembly.

RPE1 cells overexpressing CIP2A were treated with the Aurora A

inhibitor MLN 8237, and the number of ciliated cells was counted.

CIP2A overexpression reduced the percentage of ciliated cells to

29.4% compared with non-overexpressed cells, but treatment with

the Aurora A inhibitor restored the percentage of ciliated cells to

51.5%. However, when CIP2A-overexpressing cells were treated

with the NEK2 inhibitor Rac-CCT 250863, the percentage of ciliated

cells did not change (Fig 3E and F). Furthermore, to address

whether CIP2A localization at TZ is NEK2 dependent, CIP2A local-

ization in NEK2-depleted cells or NEK2 inhibitor-treated cells was

examined. The CIP2A localization did not change in both NEK2

knockdown or NEK2 inhibition (Fig EV2). These results indicate

that CIP2A regulates primary cilia disassembly through the activa-

tion of Aurora A kinase, but not NEK2.

CIP2A depletion activates glycolytic metabolism by altering the
expression of glucose metabolism-related genes

Because primary cilia play an essential role in Warburg-like meta-

bolic reprogramming [39], and CIP2A is involved in ciliogenesis, it

is possible that CIP2A exerts a metabolic reprogramming function.

To test this hypothesis, XF analysis was performed to measure the

extracellular acidification rate (ECAR) in CIP2A-depleted cells.

ECAR measurement showed increased glycolytic activity, capacity,

and reserve in CIP2A-depleted cells compared with control cells

(Fig 4A and B). Indeed, the extracellular level of lactate, a metabolic

marker of enhanced glycolysis, was also elevated in the culture

media of CIP2A-depleted cells (Fig 4C). Gene expressions of HK2

and PKM2, which are associated with glycolysis, were elevated in

CIP2A-depleted cells. In contrast, the expression levels of PDK1 and

LDHB, which accelerate the TCA cycle, were decreased in CIP2A-

depleted cells (Fig 4D). Additionally, we screened a panel of ~90

carbon energy sources to metabolically fingerprint CIP2A-depleted

cells. Cells adopted in fuel-depleted medium were cultured with a

spectrum of fuel sources to measure the preference of substrate

utilization. Compared with control cells, CIP2A-depleted cells grew

rapidly in the presence of fuel, such as glucose, acetoacetate, and

butyrate (Fig 4E). Together, these data suggest that CIP2A is

strongly associated with metabolic reprogramming and substrate

preference.

Primary cilia are necessary for glycolytic activity

Next, we determined whether increased cilia assembly correlates

with elevated glycolysis, because CIP2A depletion increases cilia

assembly. To address this question, XF analysis was performed with

two cilia-deficient cell lines, Kif3a-KO MEF cells and CEP290-KO

RPE1 cells, which were confirmed by immunofluorescence staining

of primary cilia using antibodies specific for ARL13b (Fig 5A and

B). Both cilia-deficient cell lines showed decreased glycolysis, and

the difference in the ECAR level between ciliated and nonciliated

cells was greatly enhanced under serum-starved conditions.

However, no significant difference in the oxygen consumption rate

(OCR) was observed between ciliated and nonciliated cells (Fig 5C).

In addition to the ECAR decrease in cilia-deficient cells, the expres-

sion levels of glycolytic genes, including HK2 and LDHA, and the

extracellular level of lactate were also diminished in nonciliated

cells (Fig 5D and E). Collectively, these results indicate that primary

cilia are necessary for glycolytic activity, especially under serum-

starved conditions.

Glycolytic metabolism activation is primary cilia independent in
CIP2A-depleted cells

Next, we determined whether the metabolic shift toward the glyco-

lytic pathway in CIP2A-depleted cells depends on cilia assembly. To

address this question, CIP2A was depleted in CEP290-KO RPE1 cells,

▸Figure 3. CIP2A interacts with and activates Aurora A, which disassembles primary cilia.

A HEK293 cells were used for a co-immunoprecipitation analysis between FLAG-tagged CIP2A and GFP-tagged NEK family proteins. HEK293 cells lysates were
immunoprecipitated with anti-FLAG antibodies, and IP proteins were analyzed by immunoblot.

B FLAG-tagged CIP2A constructs were coexpressed with the GST-tagged Plk1 construct or the GST-tagged Aurora A construct in HEK293 cells. FLAG-tagged proteins
were immunoprecipitated with anti-FLAG antibodies, and the co-immunoprecipitation of GST-tagged proteins was determined by immunoblot.

C RPE1 cell lysates after siRNA transfection and serum starvation for 48 h were used for immunoblot analyses.
D Aurora A activity was measured using an in vitro kinase assay with recombinant proteins. After the kinase reaction, samples were subjected to SDS–PAGE. Samples

were transferred onto a nitrocellulose membrane and processed for immunoblot using phosphorylation-specific Aurora A antibodies.
E The percentage of CIP2A-overexpressed and non-overexpressed cells with primary cilia was evaluated after treatment with the Aurora A inhibitor MLN 8237, or the

NEK2 inhibitor Rac-CCT 250863 (n > 14 cells/condition) under serum-starved condition. The average of three independent experiments is shown, with error bars
representing s.d. *P < 0.05 compared with MLN 8237 non-treated cells (one-tailed Student’s t-test).

F Immunofluorescence images of RPE1 cells transfected with CIP2A-FLAG following serum starvation for 48 h and treatment with MLN 8237 or Rac-CCT 250863 for
24 h. Primary cilia were stained with antibodies specific for ARL13b (red). DNA was stained with DAPI (blue). Shown are the maximum projections from z stacks of
representative non-treated or treated transfected cells. Scale bar = 10 lm.

Source data are available online for this figure.
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which cannot generate cilia. Surprisingly, CIP2A-depleted CEP290-

KO RPE1 cells showed improved ECAR, regardless of cilia assembly

(Fig 6A). Moreover, the mRNA expression levels of HK2 and MCT4

increased, while the expression level of LDHB decreased in CIP2A-

depleted CEP290-KO cells, consistent with WT RPE1 cells (Fig 6B),

indicating that the cilia-mediated and CIP2A-mediated glycolytic

metabolic shifts are not interconnected.

Because the genes involved in the glycolytic pathway are regu-

lated in CIP2A-depleted cells, we performed a transcription factor

profiling plate array to identify transcription factors that play a role

in the regulation of gene expression. The AP-1 and AP-2 transcrip-

tion factors were activated in CIP2A-depleted cells compared with

control cells (Fig 6C). Next, we examined whether activation of the

glycolytic pathway in CIP2A-depleted cells could be restored by

transcription factor knockdown. AP-1 and AP-2 were depleted, and

the expression levels of glycolytic genes were observed; HK2 and

LDHB expression was rescued by AP-1 depletion but not by AP-2

depletion (Fig 6D and E). This result indicates that AP-1 activation

is required for the elevated expression of glycolytic genes in CIP2A-

depleted cells.

A B

ED

C

Figure 4. Depletion of CIP2A activates glycolysis by altering the expression of glucose metabolism-related genes.

A RPE1 cells were seeded onto Seahorse Bioscience V7 cell culture plates (4 × 104/well) after siRNA transfection followed by serum starvation for 72 h. Time course for
the measurement of ECAR indicates the basal conditions, followed by the sequential addition of glucose (10 mM), oligomycin (2 lM), and 2-DG (20 mM). Data points
are the average of a single representative experiment with error bars representing s.d. (n = 3 wells per condition). Experiments were independently repeated at least
three times.

B Graph of the results described in (A). Basal indicates basal levels; glycolytic activity indicates glucose-stimulated ECAR; glycolytic capacity indicates oligomycin-
stimulated ECAR; and glycolytic reserve indicates the difference between the maximum glycolytic capacity and the basal glycolytic rate. Data were normalized to cell
number. Data points are the average of a single representative experiment with error bars representing s.d. (n = 12 per condition). Experiments were independently
repeated at least three times. *P < 0.05, **P < 0.01, ***P < 0.001 compared with siControl cells (one-tailed Student’s t-test).

C RPE1 cells were transfected with control, CIP2A #2, or CIP2A #3 siRNA. Cells were serum-starved for 48 h, followed by glucose and amino acid starvation for
1 h. Glucose (10 mM) was added, and after 1 h, cell culture supernatants were collected and lactate production was measured using a Biovision kit. The
average of three independent experiments is shown, with error bars representing s.d. *P < 0.05, **P < 0.01 compared with siControl cells (one-tailed Student’s
t-test).

D Quantitative RT–PCR (qRT–PCR) analysis of the expression of MCT1, MCT4, HK2, PDK1, LDHB-1, LDHA, PKM1, and PKM2 in cells transfected with control or CIP2A #2
or CIP2A #3 siRNA for 24 h and then serum-starved for 48 h. 18S rRNA was used as a normalization control. The average of three independent experiments is shown,
with error bars representing the s.d. *P < 0.05, **P < 0.01, ***P < 0.001 compared with siControl cells (one-tailed Student’s t-test).

E RPE1 cells were seeded onto BIOLOG plates PM-M1 for 48 h after siRNA transfection followed by serum starvation for 24 h. The provided redox reagent was added to
quantify substrate use at 590 and 750 nm. Red boxes indicate higher measurement, and blue box indicates lower measurement in siCIP2A #2 cells compared with
siControl cells.
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Figure 5. Both glycolysis and gene expression associated with glucose metabolism are decreased in cilia-deficient cell lines.

A Immunofluorescence images of WT and Kif3a KO MEF cells were serum-starved for 24 h. Centrosome was stained with antibodies specific for c-tubulin (red), and
primary cilia were stained with antibodies specific for ARL13b (green) and DNA was stained with DAPI (blue). Shown are the maximum projections from z stacks of
representative cells. Scale bar = 20 lm.

B Immunofluorescence images of WT and CEP290 KO RPE1 cells which were serum-starved for 24 h. Primary cilia were stained with antibodies specific for ARL13b
(red), and DNA was stained with DAPI (blue). Shown are the maximum projections from z stacks of representative cells. Scale bar = 20 lm.

C Kif3a WT and KO MEF cells or RPE1 WT and CEP290 KO cells were seeded onto Seahorse Bioscience V7 cell culture plates (4 × 104/well). For serum-starved
conditions, the media were changed for serum deprived media for 24 h. Time course for the measurement of ECAR indicates the basal conditions, followed by the
sequential addition of glucose (10 mM), oligomycin (2 lM), and 2-DG (20 mM). OCR indicates the average of oxygen consumption rate during the measurement of
ECAR. Data were normalized to cell number. Data points are the average of a single representative experiment with error bars representing s.d. (n = 4 wells per
condition). Experiments were independently repeated at least three times. S.S., serum starvation.

D, E qRT–PCR analysis of the expression of Hk2, Pkm1, Pkm2, Ldha, Ldhb, Hif1a, and Myc in Kif3a WT or Kif3a KO MEF cells cultured in the absence of serum for 24 h.
Gapdh was used as a normalization control. Kif3a WT or Kif3a KO MEF cells were serum-starved for 24 h, and then, cell culture media were collected and the
lactate level was measured using YSI 2300 biochemical analyzer (YSI Life Science). The average of three independent experiments is shown, with error bars
representing the s.d. *P < 0.05, **P < 0.01, ***P < 0.001 compared with WT MEF cells (one-tailed Student’s t-test).
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Discussion

Because the primary cilium plays a role in the regulation of intracellu-

lar signaling pathways, including oncogenic signaling, it is conceiv-

able that disturbances in cilia-mediated signaling pathways can result

in tumor formation [40,41]. Moreover, the loss of primary cilia has

been detected in a variety of cancers, including breast, ovarian, mela-

noma, renal cell carcinoma, basal cell carcinoma, and pancreatic

cancers. Trio kinases, including Aurora A kinase, Plk1, and NEK2, are

localized in the centrosome and play an important role in cell cycle

regulation. These kinases are also established as regulators of ciliary

disassembly [20,22,23]. From this perspective, identifying a novel

regulator of the primary cilium could provide a better understanding

of and a new molecular mechanism underlying primary cilia disas-

sembly in many types of cancer cells. In this study, we showed that

CIP2A overexpression stimulated the disassembly of primary cilia

through the activation of Aurora A kinase. Because CIP2A is over-

expressed in most human cancers, including breast, cervical, pancre-

atic ductal adenocarcinoma, lung, and gastric cancer [42–46], it is

possible that enhanced CIP2A expression accelerates the loss of

primary cilia in those cancer cells. Therefore, the inhibition of CIP2A

may suppress tumor growth via the induction of cilia assembly.

In contrast to the observation that primary cilia are lost in

many types of cancer, recent studies have shown the presence of

primary cilia in several cancer types. Yasar et al [47] showed that

primary cilia frequency is significantly elevated in lung adenocarci-

noma, colon adenocarcinoma, follicular lymphoma, and pancreatic

adenocarcinoma (PDAC). In addition, the presence of primary cilia

is required for tumor initiation in addition to the activation of

Hedgehog or Wnt signaling in medulloblastoma [48] and is signifi-

cantly associated with poor prognosis in PDAC [49]. However, it

remains controversial whether primary cilia exert a pro- or anti-

tumor effect during tumor initiation and progression. Accumulating

studies on the role of primary cilia in tumor cells will provide new

insights into the relationship between ciliogenesis and tumor

progression.

There are several reports that primary cilia are associated with

metabolic regulation. Systemic ablation of Ift88 or Kif3a in adult

mice results in hyperphagia-induced obesity with increased leptin,

glucose, and insulin levels [6]. Primary cilia on hypothalamic

neurons, particularly POMC neurons, contain receptors for the

orexigenic neuropeptide Y, leptin, and melanin-concentrating

hormone receptor 1 (Mchr1), which are involved in food intake

regulation [50–52]. In addition to obesity, ciliopathies, including

BBS and ALMS, are characterized by metabolic complications,

such as type 2 diabetes mellitus (T2DM). The primary cilium of

pancreatic b-cells is necessary for insulin signaling; thus, when the

cilium is disrupted, insulin receptor downstream signaling is

impaired, leading to the development of T2DM [53]. Moreover,

Hedgehog (Hh) signaling rewires cellular metabolism through the

cilium-dependent Smo–Ca2+–Ampk axis in muscle and brown fat

[39]. Nonetheless, in studies in which the primary cilium was

determined to be associated with metabolic diseases, it was not

reported whether the primary cilium plays a direct role in glucose

metabolism or is the underlying molecular mechanism of primary

cilia-mediated cellular metabolic regulation described. Here, we

discovered that the primary cilium itself is necessary for enhancing

glycolytic activity under serum-starved conditions by showing that

both the lactate level and the expression of glucose metabolism-

related genes were decreased in two cilia-deficient cell lines, Kif3a

KO MEF and CEP290 KO RPE1 (Fig 5C–E). Thus, we provide addi-

tional evidence that the primary cilia itself play a pivotal role in

maintaining cellular metabolism homeostasis because the absence

of primary cilia could lead to an aberrant state of cellular metabo-

lism. Further studies will focus on elucidating the molecular mech-

anism underlying how the primary cilia are involved in the

regulation of glycolytic activity. There are two possibilities. First,

Hh signaling, which is heavily coupled to primary cilia in verte-

brates [54], activates glioma (Gli) transcription factors (Gli2 and

Gli3). The activated Gli shifts cell metabolism toward aerobic

glycolysis by upregulating HK2 and PKM2 mRNA levels [55,56].

Thus, the Hh-dependent transcriptional program could contribute

to decreased glycolysis in cilia-deficient cells. Second, conversely,

the primary cilium plays an inhibitory role in canonical Wnt

signaling through Dvl [57,58], and the loss of primary cilia or an

impaired basal body leads to hyperresponsiveness to external

canonical Wnt stimuli [59,60]. As several studies have revealed

that Wnt signaling directs a metabolic program of glycolysis [61–

63], there could be a connection between altered glycolytic meta-

bolism and Wnt signaling in cilia-deficient cells.

CIP2A has attracted attention because of its oncogenic potential

and tumor-promoting role in several xenograft studies [24,42,64–

66]. It was recently revealed that CIP2A exerts an inhibitory effect

on macroautophagy by acting as an allosteric inhibitor of mamma-

lian target of rapamycin complex 1 (mTORC1)-associated PP2A [33]

and was identified as a degradation target of chaperone-mediated

autophagy (CMA), which is responsible for MYC stabilization [67].

In addition, Peng et al [30] revealed that CIP2A depletion decreased

the expression of LDHA and lactate production. Although these

studies revealed a correlation between CIP2A and cancer metabo-

lism, how CIP2A contributes to metabolic regulation remained

unknown. In this study, we showed that CIP2A upregulates the

expression of glucose metabolism-related enzymes through the

activation of the AP-1 transcription factor (Fig 6D and E).

Because CIP2A-depleted cells show a preference for butyrate and

acetoacetate, it is likely that CIP2A is involved in substrate selectiv-

ity to carbon energy sources. Butyrate and acetoacetate are

converted into acetyl-CoA and incorporated into the TCA cycle to

generate citrate. ACLY cleaves citrate into acetyl-CoA and oxalate in

an anaplerotic reaction, and these products are then used for fatty

acid synthesis and replenishing malate for the TCA cycle, respec-

tively. Although CIP2A depletion enhances glycolysis, CIP2A-

depleted cells shift the metabolic program from glycolysis to partial

activation of the TCA cycle to fatty acid synthesis when CIP2A-

depleted cells are cultured with butyrate or acetoacetate. Mean-

while, butyrate exhibits histone deacetylase inhibitor (HDACi) activ-

ity; thus, treatment with butyrate leads to histone hyperacetylation

that results in the inhibition of cell proliferation and the induction of

apoptosis [68,69]. This chemoprevention effect of butyrate could be

inhibited by low CIP2A expression because of the accelerated use of

butyrate. Therefore, this chemopreventive metabolic shift could be

another consequence of CIP2A overexpression in cancer cells.

Acetoacetate is a ketone body that can be enzymatically reduced to

b-hydroxybutyrate, merging to the metabolic pathway of butyrate.

Thus, acetoacetate also exerts a chemopreventive effect by decreas-

ing tumor growth and ATP concentration [70].
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It is known that reduction in cilia length in the hypothalamic

neurons of mice increases food intake and decreases energy expen-

diture, leading to obesity [71]. They found that leptin reduces cilia

length in hypothalamic neuronal cells and cilia length is reduced in

diet-induced obese (DIO) mice in which leptin level is increased. In

this study, serum-starved cells show a decrease in CIP2A protein

level and serum addition increases CIP2A level. Because CIP2A and

cilia length are under the control of nutrient availability in cell level,

if we determine whether CIP2A level is upregulated with cilia length

decrease in hypothalamic neurons of DIO mice, it is going to be a

good evidence to uncover physiological meaning of CIP2A-mediated

cilia length control.

In conclusion, this study revealed that CIP2A is involved in the

regulation of ciliogenesis and metabolic reprogramming toward the

glycolytic pathway by altering the expression of metabolic genes

related to glycolysis. The primary cilia are also associated with

metabolic reprogramming. The aim of the present study was to

determine whether CIP2A-mediated metabolic reprogramming is

related to ciliogenesis-mediated metabolic reprogramming. We

found that the two pathways are not directly linked. As understand-

ing cancer metabolism will provide insights into basic cancer patho-

physiology and the clinical oncology of cancer [72], further research

on the role of CIP2A and cilia in cancer metabolism will be invalu-

able.

Materials and Methods

Cell culture

The human retinal pigment epithelial cell line (hTERT-RPE1), the

RPE1-Smo-EGFP stable cell line, the RPE1-CEP290 WT cell line, and

the RPE1-CEP290 KO cell line were generated using standard

CRISPR/Cas9 system by Professor Joon Kim (Korea Advanced Insti-

tute of Science and Technology, KAIST). Detailed characterization

of the cell line will be published elsewhere. Cell cultures were main-

tained in Dulbecco’s modified Eagle’s medium: Nutrient Mixture F-

12 (DMEM/F12, HyClone) supplemented with 10% FBS (Equitech)

at 37°C in a humidified atmosphere of 5% CO2. HEK293T cells were

cultured in DMEM (HyClone) supplemented with 10% FBS. The

MEF Kif3a-WT and the MEF Kif3a-KO cell lines were obtained from

Professor Hyuk Wan Ko (Dongguk University), and cell cultures

were maintained in DMEM supplemented with 10% FBS. To induce

cilia assembly, cells were incubated in serum-free media for 48 h.

Immunofluorescence microscopy

RPE1 cells were seeded onto 0.1% gelatin-coated glass coverslips in

12-well plates. After 24 h, cells were fixed with 4% paraformalde-

hyde for 15 min for primary cilia staining and fixed with �20°C cold

Methanol for 10 min for CIP2A staining, washed with PBS, and then

permeabilized with 0.1% Triton X-100 at room temperature for

1 min. After washing with PBS, the cells were permeabilized and

blocked with 3% BSA for 30 min at room temperature. Coverslips

were subsequently incubated in the following primary antibodies for

1 h: 1:400 anti-ARL13b, 1:100 anti-c-tubulin, 1:100 anti-CIP2A, 1:100

anti-CEP164, 1:100 anti-CEP290, and 1:200 anti-TMEM67. FITC- or

TRITC-coupled secondary antibodies (Santa Cruz Biotechnology)

diluted in 3% BSA were used, and DNA was stained with DAPI.

Images were acquired on an LSM-700 Confocal Laser Scanning

Microscope (Carl Zeiss) using a 63× oil immersion objective lens and

ZEN software (Nikon). Fields were selected randomly for each well.

Quantification and statistical analysis

Primary cilia were stained with an antibody specific for ARL13B. To

acquire the percentage of ciliated cells, cilia-stained cells and total cells

were quantified manually. At least 100–150 cells were counted in each

experiment. Cilia length was measured using ImageJ software (NIH).

The statistical data were obtained from at least two independent

experiments performed in duplicate. qRT–PCR data were normalized

by dividing all control and treatment values by the mean of the

control. Differences between experimental values were considered

significant when the P-value was < 0.05 according to Student’s t-test.

Propidium iodide staining and flow cytometry

Cells were harvested at 48 h post-siRNA transfection by trypsiniza-

tion and fixed overnight with ice-cold 70% ethanol. After washing

with PBS containing 0.25% Triton X-100, cells were suspended in

PBS containing 1% BSA, 20 g/ml propidium iodide, and 10 g/ml

RNase A and incubated for 30 min at 37°C in the dark. Samples were

analyzed using a BD Biosciences FACScan, and the data of 10,000

events for each sample were analyzed with FlowJo software (LLC).

siRNA and plasmid transfection

siRNA transfection into RPE1 cells was performed using Lipofec-

tamine RNAiMax Transfection Reagent (Invitrogen) according to the

◀ Figure 6. Activation of glycolysis in CIP2A-depleted cells is primary cilia independent.

A RPE1 CEP290 KO cells were seeded onto Seahorse Bioscience V7 cell culture plates (4 × 104/well) after siRNA transfection followed by serum starvation for 48 h.
Time course for the measurement of ECAR indicates the basal conditions, followed by the sequential addition of glucose (10 mM), oligomycin (2 lM), and 2-DG
(20 mM). Data points are the average of a single representative experiment with error bars representing s.d. (n = 4 wells per condition). Experiments were
independently repeated at least three times.

B qRT–PCR analysis of the expression of HK2, LDHB, and MCT4 in CEP290 KO RPE1 cells transfected with control or CIP2A #2, CIP2A #3 siRNAs for 24 h, and then
serum-starved for 48 h cells. 18S rRNA was used as a normalization control.

C RPE1 cells were transfected with CIP2A #2 or control siRNAs, and nuclear extracts were prepared and subjected to TF profiling assay I. Fold change of activated
transcription factors using TF activation profiling plate array assay.

D, E qRT–PCR analysis of the expression of HK2, LDHB, CIP2A, and AP-1 (D) or AP-2 (E) in RPE1 cells transfected with control or CIP2A #2 and AP-1 or AP-2 siRNAs for
24 h, and then serum-starved for 48 h. 18S rRNA was used as a normalization control.

Data information: In (B, D, and E), the average of three independent experiments is shown with error bars representing s.d. *P < 0.05, **P < 0.01, ***P < 0.001 compared
with siControl cells (one-tailed Student’s t-test).
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manufacturer’s transfection protocol. The following siRNA oligonu-

cleotides were used: to suppress CIP2A expression, CIP2A #1, 50-
GGA GUG GUU UGU CGG AGC ATT-30; CIP2A #2, 50-GAC AGA AAC

UCA CAC GAC UAU TT-30; and CIP2A #3, 50-AUU UGU GAC UUC

GUA ACA AUA TT-30; to suppress AP-1 expression, 50-UCC UGA

AAC AGA GCA UGA CCC UGA AUG ATT-30; and to suppress AP-2

expression, 50-CCG UCU CCG CCA UCC CUA UUA ACA ATT-30. For
NEK2 silencing, ON-TARGETplus SMARTpool (Dharmacon) siRNA

oligonucleotides were used. Plasmid transfection into RPE1 cells

was performed with X-tremeGENE HP DNA Transfection Reagent

(Roche) according to the manufacturer’s transfection protocol. Plasmid

transfection into HEK293T cells was performed using PEI solution.

Immunoblot analysis

For immunoblot analysis, cells were lysed in lysis buffer [50 mM Tris–

HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, and 1% NP-40, supple-

mented with a protease and phosphatase inhibitor mixture (Roche)].

Cell lysates were obtained by centrifugation for 15 min at 4°C at

20,000 g, and concentrations of the supernatants were quantified

using the Pierce BCA Protein Assay Kit (Thermo Scientific). Total

protein lysates were prepared using 5× SDS sample buffer and heating

at 95°C for 10 min. Proteins were separated electrophoretically on a

12% SDS–polyacrylamide gel and transferred onto a 0.45-lm pore size

nitrocellulose membrane for 2 h. The membrane was incubated over-

night with antibodies containing 3% BSA in TBS-T (150 mM NaCl,

20 mM Tris–HCl (pH 8.0), and 0.05% Tween-20) at 4°C, followed by

incubation with HRP-conjugated goat anti-mouse or anti-rabbit IgG

(Fab) (Enzo Life Sciences) in 5% skimmilk in TBS-T at room tempera-

ture for 2 h. Proteins were visualized with ECL Western blotting

reagent and analyzed on a Fusion Solo-S image analyzer (Vilber).

Co-immunoprecipitation assay

Cells were lysed with lysis buffer [50 mM Tris–HCl (pH 8.0), 150 mM

NaCl, 1 mM EDTA, and 1% NP-40, supplemented with a protease and

phosphatase inhibitor mixture (Roche)]. Cell lysates were obtained by

centrifugation for 15 min at 4°C at 20,000 g. For endogenous protein

immunoprecipitation, cell lysates were incubated with 1 lg of anti-

body for overnight followed by incubation with protein G agarose

beads (Amicogen, 2010005) for 2 h at 4°C. For overexpressed protein

immunoprecipitation, cell lysates were incubated with FLAG M2

affinity gel (Sigma, A2220) for overnight at 4°C. The immuno-

complexes were then washed with lysis buffer for four times, and the

immunocomplexes were separated by SDS–polyacrylamide gel and

immunoblotting analysis was performed as described above.

Antibodies and chemicals

The following antibodies and chemicals were used: ARL13b

(Proteintech, 17711-1-AP), CIP2A (Santa Cruz Biotechnology, sc-

80659); NEK2 (BD Biosciences, 610594); c-tubulin (Sigma, T1592);

CEP164 (Proteintech, 22227-1-AP), CEP290 (Bethyl Laboratories,

A301-659A), TMEM67 (Proteintech, 13975-1-AP), Aurora A (Cell

Signaling, #4718S); p-Aurora A (Cell Signaling, #2914S); LC3

(Novus Biologicals, NB100-2331); b-actin (Santa Cruz Biotechnol-

ogy, sc-47778); GFP (Santa Cruz Biotechnology, sc-9996); FLAG M2

(Sigma, F1804); p-Plk1 (Cell Signaling, #5472S); GST (Abcam,

ab18183); bafilomycin A1 (Sigma, B1793); chloroquine (Sigma,

C6628); Aurora kinase inhibitor MLN 8237 (Selleckem, S1133); and

NEK2 inhibitor Rac-CCT 250863 (Tocris, #4546).

XF 24 bioenergetics assay

Transfected or non-transfected RPE1 cells were seeded at a density

of 4 × 104 cells onto XF24 cell culture microplates (Seahorse

Bioscience) in 350 ll of growth media and incubated at 37°C in a

humidified 5% CO2 incubator overnight. To induce cilia assembly,

cells were incubated in serum-free media for 24 or 48 h, and OCR or

ECAR was measured according to the manufacturer’s protocol. OCR

and ECAR values were normalized to each cell number and

analyzed according to the manual.

Production and purification of recombinant CIP2A and in vitro
kinase assay

pET28a-CIP2A constructs were transformed into Escherichia coli

strain BL21 cells, and recombinant protein was induced with 0.2 mM

isopropyl-beta-D-thiogalactopyranoside (IPTG) treatment overnight

at 15°C. Cells were harvested by centrifugation at 3,000 g for 15 min

at 4°C, resuspended in 0.1% Triton X-100 in PBS, and sonicated with

10 cycles for 10 s. After centrifugation at 20,200 g for 15 min at 4°C,

the lysates were incubated with Ni-NTA beads for 24 h at 4°C. His-

CIP2A-coupled Ni-NTA beads were collected by centrifugation at

14,500 g for 1 min and washed three times with washing buffer

[50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 0.5 mM EDTA, and 1%

NP-40]. Recombinant CIP2A was eluted with 500 ll of 20 mM imida-

zole and subsequently concentrated using a Centrifugal Filter column

(Amicon, Millipore). For the in vitro measurement of Aurora A

kinase, 0.3 lg of active recombinant GST-tagged Aurora A (Sig-

nalChem) and purified His-tagged CIP2A were used. For the in vitro

measurement of NEK2 kinase activity, 0.5 lg of active recombinant

GST-tagged NEK2 (Upstate), purified His-tagged CIP2A, and 1 lg of

b-casein (substrate) were used. The kinase reaction was performed

in the presence of 5 lM ATP with 5 lCi c32P-ATP at 30°C for 30 min.

The reaction was stopped by the addition of 5× SDS sample buffer

and subjected to SDS–PAGE analysis. Samples were transferred onto

a nitrocellulose membrane and processed for immunoblotting using

a phosphorylation-specific Aurora A antibody or autoradiography to

detect phosphorylated NEK2.

Lactate production assay

After serum starvation for 48 h, cells were washed with PBS and

incubated with Seahorse XF Base medium for 1 h. Glucose (10 mM)

was added. After 1 h, cell culture supernatants were collected, and

lactate production was measured using the Lactate Fluorometric

Assay Kit according to the manufacturer’s instructions (Biovision).

RNA extraction and qRT–PCR

Total RNA was extracted using Trizol (Takara) according to the

manufacturer’s instructions. Isolated total RNA was quantified on

an Epoch 2 microplate Spectrophotometer (BioTek), and 1 lg of

total RNA was reverse transcribed into cDNA using M-MLV Reverse

Transcriptase (Thermo Scientific). qRT–PCR was performed using
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Maxima SYBR Green (Thermo Scientific) with primers optimized for

real-time PCR. The sequences of all primers used in this study are

provided in Table EV1. qRT–PCR was performed on an ABI7500 or a

Quantstudio 3 real-time PCR detection system (Applied Biosystems).

Reaction specificity was confirmed by melting curve analysis. Rela-

tive gene expression was analyzed using the comparative Ct method.

Transcription factor activity array

The profile of transcription factors activated in CIP2A-depleted cells

was screened using the TF Activation Profiling Array I (Signosis).

After a 24-h transfection, nuclear extracts (5 lg) from control and

CIP2A-depleted cells were extracted using the Nuclear Extraction Kit

(Signosis). Transcription factor activity was profiled according to

the manufacturer’s instructions.

Phenotype microarrays

Phenotype microarray experiments were performed following the

manufacturer’s instructions provided by Biolog Inc. (http://www.bi

olog.com/). Briefly, control and CIP2A siRNAs were transfected into

RPE1 cells, followed by serum starvation for 24 h and grown as

described above and inoculated in BIOLOG plates PM-M1 for 48 h

at 37°C containing 5% CO2. The provided redox reagent was added

to quantify substrate use at 590 and 750 nm on an Epoch Microplate

reader (BioTek).

Data availability

All data generated during this study are included in this published

article and provided as Source Data for each figure.

Expanded View for this article is available online.
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