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Abstract: The primary cilium (PC) is a microtubule-based antenna-like organelle projecting from
the surface of the cell membrane. We previously reported that PC formation could be regulated by
nephronophthisis 3 (NPHP3) expression followed by its interaction with thymosin 4. Here, we
investigated whether cancer cell viability is regulated by NPHP3-mediated PC formation. The total
and viable cell number were reduced by incubating cells under serum deprivation (SD) without
fetal bovine serum (-FBS). PC frequency was increased by SD which enhanced NPHP3 expression
and hypoxia inducible factor (HIF)-1c. The role of HIF-1ax on NPHP3 expression and PC formation
was confirmed by the binding of HIF-1x to the NPHP3 promoter and siRNA-based inhibition of
HIF-1« (siHIF-1«), respectively. HIF-1x-stabilizing dimethyloxallyl glycine (DMOG) and hypoxic
conditions increased NPHP3 expression and PC formation. In addition, as SD elevated the reactive
oxygen species (ROS), PC frequency and NPHP3 expression were inhibited by a treatment with N-
acetylcysteine (NAC), a ROS scavenger. PC formation was increased by H,O, treatment, which was
inhibited by siHIF-1«. The inhibition of ERK with P98059 decreased the frequency of PC formation
and NPHP3 expression. Cell viability was reduced by a treatment with ciliobrevin A (CilioA) to
inhibit PC formation, which was re-affirmed by using PC-deficient IFT88/~ cells. Taken together,
the results imply that PC formation in cancer cells could be controlled by NPHP3 expression through
ROS-induced HIF-1x and ERK activation under SD conditions. It suggests that cancer cell viability
under SD conditions could be maintained by NPHP3 expression to regulate PC formation.
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1. Introduction

Although the serum including growth factor is necessary for normal cell growth,
cancer cells grow well irrespective of serum. Reactive oxygen species (ROS) were thought
to be produced as byproducts of cellular respiration under serum deprivation (SD) [1]
or nutrient deprivations [2]. Oxidative stress is defined as a disturbance in the balance
between the production of ROS and antioxidant defenses [3]. Superoxide anion (O, 7),
hydrogen peroxide (H,O,) and the hydroxyl radical (HOe) are mainly involved in ROS
and detoxified by ROS-regulating antioxidant enzymes such as superoxide dismutase
(SOD), catalase, heme oxygenase-1 (HO-1) and reduced glutathione (GSH) [4]. Nuclear
factor erythroid-derived 2-like 2 (Nrf2) is a master transcription factor to regulate gene
expression of antioxidant enzymes [5,6]. SD-induced ROS provided an early oxidative
stress environment and induced an apoptotic response in various cell types [7,8]. SD-
induced ROS also allowed cancer cells to confer an adaptability to increased oxidative
stress [9]. Various cellular events including primary cilium (PC) formation are also altered
in SD condition [10].

The PC biogenesis is induced by incubation with a SD medium in many types of
cultured cells [11-14]. The PC is a microtubule-based non-motile signaling organelle that
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grows in a specific region of the plasma membrane and senses changes in the enrichment
of nutrients [15]. The PC is assembled in the GO/G1 phase, disassembled in the S phase
and disappears in G2/M phase [16]. SD-induced cell cycle arrest at the GO/G1 phase is an
appropriate condition to induce PC formation in vitro. However, the role of PC formation
in cancer is still to be debated and the underlying mechanisms of PC formation to control
cancer cell viability under SD conditions are not well-understood.

NPHP3 is one of the ciliary proteins localized in the basal body and centrioles of pri-
mary cilia. Mutations in NPHP3 are responsible for adolescent nephronophthisis (NPHP),
which is an autosomal recessive poly cystic kidney disorder and the most frequent genetic
disease of renal failure in children and young adults [17-19]. NPHP is considered to be
one of the ciliopathies caused by ciliary dysfunction [20]. A homomorphic mutation of the
NPHP3 allele was shown to be the result of a defect in the primary cilia length control in
epithelial mouse kidney cells [21]. The knockdown of zebrafish ortholog NPHP3 with mor-
pholino oligo reduces the frequency and the length of primary cilia in Kupffer’s vesicle [22].
However, no information regarding the role of NPHP3-associated PC formation to cancer
cell viability has been reported.

In the adaptation of cells to SD-induced oxidative stress, hypoxia-inducible factor
(HIF)-1« stabilization and HIF-1 activation inhibit apoptosis in cancer cells [23]. HIF-1
is composed of two subunits, HIF-1& and HIF-1f3 to control many hypoxia-inducible
genes [24]. HIF-1 activity in tumors depends on the availability of the HIF-1« subunit. HIF-
locis a cytosolic protein and it is rapidly degraded by the ubiquitin-proteasome pathway in
normoxia [25]. The degradation of HIF-1« is inhibited in hypoxia [26]. Hypoxia-induced
mitochondrial ROS have been shown to be necessary for the stabilization of HIF-1 in
hypoxic cells [27-30]. The nuclear translocation of the HIF-1o protein is enhanced under
normoxic condition [31]. HIF-1e has also been shown to increase renal PC length following
a renal injury [32]. Oxygen tension significantly affects the length of cilia in primary
BMSCs with the re-localization of the SMO and GLI2 proteins to cilia [33]. Under normoxic
conditions, SD resulted in a significant increase in cilia length [33]. It is required to define SD-
associated molecules on PC formation and their cellular functions. For instance, thymosin
beta-4 interacting with NPHP3 regulates tumor growth as well as PC formation [34,35].
However, no information regarding the role of HIF-1x on NPHP3-associated PC formation
and cancer cell survival has been reported.

In this study, we investigated whether cancer cell viability was regulated by NPHP3
expression-associated primary cilium formation via ROS-induced HIF-1« under SD con-
ditions in HeLa human cervical cancer cells. Our data demonstrated that PC formation
regulated cancer cell viability under SD condition via NPHP3 expression by ROS-induced
ERK activation and HIF-1« stabilization.

2. Results
2.1. Serum-Deficiency Contributes to PC Formation and the Expression of NPHP3 and HIF-1«

A serum deficiency (SD) has induced apoptosis in many types of cells [36]. Nephronoph-
thisis 3 (NPHP3) has interacted with thymosin beta-4 to regulate PC formation and tumor
growth [34,35]. Cancer cell death has been inhibited by HIF-1« stabilization and activation
in the adaptation of cells to SD-induced oxidative stress [23]. The nuclear translocation
of the HIF-1« protein is enhanced under normoxic conditions [31]. To investigate the
relationship between NPHP3 expression and HIF-1x under SD condition, we examined the
SD effect on cell viability and the expression of PC, NPHP3 and HIF-1x. When HelLa cells
were incubated in SD media for 36 h, the cell viability (Figure 1A) and total cell number
(Figure 1B) reduced. PC was visualized by the observation and the merging of the separate
images of each channel (Supplementary Figure S1). Our experimental condition was veri-
fied by which PC formation was positively observed by the treatment with sodium butyrate
for 48 h (Supplementary Figure S2). Then, PC frequency in the HeLa cells was detected
by counting over 500 cells in response to the incubation in SD medium (Figure 1C,D).
The NPHP3 transcriptional increase was measured by its transcription (Figure 1E) and
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NPHP3 promoter activity (Figure 1F) in response to incubation in the SD medium. HIF-1o
protein was also stabilized in response to the incubation in SD medium (Figure 1G top). In
addition, the level of Nrf2, a positive marker protein for ROS production and the activation
of antioxidant expression [5,6], was increased under SD condition (Figure 1G bottom).
While the expression of SOD1 and catalase was increased ~1.9 and ~1.8 times, respectively,
SOD2 and HO-1 expression was significantly decreased to ~0.6 times (Figure 1H). The
data suggested that SD-induced Nrf2 and HIF-1« could be related to NPHP3 expression
leading to the regulation of cancer cell death. Here, the study will be focused on the effect
of HIF-1a under normoxic SD condition.
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Figure 1. Changes in cell viability and cell number were associated with primary cilium formation,
NPHP3 expression and HIF-1« stabilization under serum-deprived (SD) condition. (A-E) HeLa
cells were incubated in a medium with various percentages of fetal bovine serum (FBS) for 24 h.
Cell viability was measured by the trypan exclusion assay (A). Cell number was counted by using
hemocytometer (B). The cells were fixed and stained with antibodies against Ac-tubulin (green) and
Arl13b (red). Nucleus was stained with DAPI (blue). The primary cilium was observed with 1000 x
magnification under fluorescence microscope. The image with primary cilia is the representative out
of ~30 pictures. White arrows indicated primary cilia (C). The ciliated HeLa cells (n > 500 cells) in
the presence (white) or absence (grey) of FBS were counted (D). Total RNA was prepared by using
NucleoZOL® and the expression level of NPHP3 was measured by RT-PCR (E top). Density of each
band was analyzed by Image] 1.34 n and results were normalized to actin (E bottom). (F) HeLa
cells were transfected with pEZX-PG02-NPHP3-promoter Gaussia luciferase (Gluc) plasmids and
incubated in the presence or the absence of FBS for up to 24 h. The activity of Gluc in cultured media
was measured with luminometer using Gluc substrate. (G-H) HeLa cells were incubated with or
without FBS for 24 h. Cell lysates were prepared. HIF-1oc and Nrf2 proteins were detected by Western
blot analysis (left). Density of each band was analyzed by Image] 1.34 n and results were normalized
to tubulin (right). Total RNA was prepared by using NucleoZOL® and the expression level of each
antioxidant gene was measured by Q-PCR (H). Data were the representative of four experiments.
Processing (such as changing brightness and contrast) is applied equally to controls across the entire
image (C,E,G). Data in bar graphs represents the means 4+ SEM. * p < 0.05, ** p < 0.01; significantly
different from 5% FBS-treated control group (A,B,D, E bottom, G right, H) at each time point (F).
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2.2. HIF-1x Regulates NPHP3 Expression and PC Formation

We examined whether HIF-1« could regulate NPHP3 expression and PC formation.
SD-induced HIF-1a interacted with the NPHP3 promoter as judged by a CHIP assay
(Figure 2A). As HIF-1o expression was interfered with the first (Figure 2B top) or the
second (Figure 2B bottom) siHIF-1«, the second siHIF-1« is more effective than the first
siHIF-1x. The second siHIF-1o reduced the amount of HIF-1« protein (Figure 2C) and PC
formation (Figure 2D). HIF-1x was stabilized ~4.1 times by a treatment with DMOG, an
inhibitor of proline hydroxylase (Figure 2E), which was inhibited ~40% by the interference
of HIF-1x with the second siHIF-1x (Figure 2F,G). The NPHP3 transcriptional increase
with DMOG treatment was measured by its transcription (Figure 2H). DMOG-induced
HIF-1« interacted with the NPHP3 promoter, as judged by a CHIP assay (Figure 2I). The
number of PC-positive cells by DMOG treatment increased ~1.7 times compared with
the control (Figure 2J). Then, we confirmed the effect of HIF-1oc on NPHP3 expression
and PC formation using hypoxic condition as a well-known HIF-1« stabilizer. HIF-1oc
was stabilized with the incubation of cells under hypoxic conditions (Figure 3A). The
NPHP3 protein (Figure 3B top), its transcription (Figure 3B bottom) and promoter activ-
ity (Figure 3C) also increased in response to incubation under hypoxic conditions. The
relevance of HIF-1o to NPHP3 expression and PC formation was re-affirmed with the
overexpression of GFP-labelled HIF-1o (Figure 3D). NPHP3 protein (Figure 3E top) and
its transcription (Figure 3E bottom) increased, respectively, ~1.4 and ~2.1 times with the
overexpression of GFP-labelled HIF-1«. The number of PC-positive cells by the HIF-1«-
GFP overexpression increased /1.4 times compared with those in pEGFP-C1-transfected
control group under normoxic conditions (Figure 3F). NPHP3 promoter activity in the
cells with the HIF-1x-GFP overexpression was enhanced approximately 1.9 times com-
pared with the control (Figure 3G), which was inhibited by the interference of HIF-1x with
the second siHIF-1« (Figure 3H). Protein (Figure 3I left) and transcript (Figure 31 right)
level of HIF-1x were decreased by the interference of HIF-1x with the second siHIF-1x
in the group with HIF-1a-GFP overexpression. ROS-regulating antioxidant enzymes in
the HIF-1«-GFP-overexpressed group were also examined to match the data in Figure 1H.
The HIF-1x overexpression enhanced the level in SOD1 ~1.7 and catalase ~1.8 times but
reduced SOD2 to ~0.6 and HO-1 to ~0.5 times (Figure 3]). This suggested that HIF-1o
could regulate NPHP3 expression and PC formation under normoxic conditions.

2.3. SD-Induced ROS Are Associated with NPHP3 Expression and HIF-1x-Mediated
PC Formation

We examined whether SD-induced ROS could affect PC formation and NPHP3 ex-
pression. As shown in Figure 4A,B, ROS increased in SD conditions, which was inhibited
by N-acetylcysteine (NAC) treatment as judged by the changes in mean fluorescence in-
tensity (MFI). The effect of SD-induced ROS on PC formation was confirmed by an NAC
treatment [35]. Our data also showed that PC frequency in HeLa cells incubated with
SD condition decreased with the NAC treatment ~30% (Figure 4C). NPHP3 promoter
activity in SD condition was also reduced with the NAC treatment ~70% (Figure 4D). This
suggested that ROS could control the SD-induced increase in NPHP3-promoter activity
and PC formation. Our data were re-examined using a treatment with HyO,. The HIF-1o
amount was increased by HyO, treatment (Figure 4E). ROS-induced PC formation could be
confirmed by an increase in PC frequency ~2.8 times in the Hy,O,-treated group (Figure 4F).
HIF-1x-mediated PC formation in the HyO,-treated group was proven by a decrease in
PC frequency ~25% in the second siHIF-1«x-treated and H,O,-treated groups (Figure 4G).
This suggested that SD-induced PC formation could be regulated by ROS production and
HIF-1o expression.
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Figure 2. HIF-1oc enhanced NPHP3 expression and primary cilium formation under serum-deprived
(SD) condition. (A) HeLa cells were incubated in the presence or the absence of FBS for 24 h. Cells
were fixed with 10% formaldehyde. Their chromatin extracts were immunoprecipitated with anti-
HIF-1a antibodies. DNA fragments were subjected to PCR analysis using primer sets spanning
the promoter regions. Sequences for primer sets were 5-CCCTGATCCACATGGAGAATTCA-3’
(forward) and 5'-CTTTAGATTTTCTTCAGGAA-3' (reverse). Primer set corresponds to —1311 to
—1110 bp on NPHP3 promoter. (B-D) Cells were transfected with AccuTarget™ scrambled siRNA
(siControl) or 1st or 2nd HIF-1x-siRNA (siHIF-1c) for 24 h. The cells were incubated in the presence
or absence of FBS. The mRNA expression of HIF-1oc was detected by RT-PCR (B). Cell lysates were
prepared and HIF-1« protein was detected by Western blot analysis (C). Then, cells were fixed and
stained with antibodies against Ac-tubulin and Arl13b. Nucleus was stained with DAPI. The ciliated
cells (n > 500 cells) in the presence (white) or absence (grey) of FBS were counted (D). (E-I) Cells were
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treated with 500 uM dimethyloxallyl glycine (DMOG) in the absence (E,H-J) or presence of 2nd
siHIF-1a (F,G). Cell lysates were prepared and HIF-1«x protein was detected by Western blot analysis
(E,F). Density of each band was analyzed by Image] 1.34n and results were normalized to tubulin.
Relative fold changes in each band to control were represented in bar graph (G). Total RNA was
prepared by using NucleoZOL® and the expression level of NPHP3 was measured by RT-PCR (H).
Cells were fixed with 10% formaldehyde. Their chromatin extracts were immunoprecipitated with
anti-HIF-1« antibodies. DNA fragments were subjected to PCR analysis using primer sets spanning the
promoter regions. Sequences for primer sets were 5'-CCCTGATCCACATGGAGAATTCA-3' (forward)
and 5-CTTTAGATTTTCTTCAGGAA-3’ (reverse). Primer set corresponds to —1311 to —1110 bp on
NPHP3 promoter (I). The cells were fixed and stained with antibodies against Ac-tubulin and Arl13b.
Nucleus was stained with DAPI. The primary cilium was observed with 1000 x magnification under
fluorescence microscope. The ciliated HeLa cells (1 > 500 cells) in the absence (white) or presence (grey)
of DMOG were counted (J). Data were the representative of four experiments. Processing (such as
changing brightness and contrast) is applied equally to controls across the entire image (A—C,E,F H,I).
Data in bar graphs represents the means 4 SD. & p < 0.05, ** p < 0.01; significantly different from
5% FBS-treated (D) or DMOG-untreated (G,J) control group. && p < 0.01; significantly different from
DMOG-treated and siControl-tansfected group (G,J).

B

Hypoxia (h) C
0 1 3 6 = 30,000
A g 130k0s _’—.’—m D_Cl [ Normoxia
2 esvos | o NPHP3 = = Hypoxia
Hypoxia (h) e S 20,000 |
2 “Da )
0 1 3 & 7 :Zz_w Tubulin & *
130 kDa — 2 S 10,000 -
95 kDa _ - e | HIF-1o o .
50 kDa — a =z 0
12k0s _| S | Tubulin b = GAPDH 3 6
Incubation time (h)
D pEGFP-C1 + - pEGFP-C1 + - F G
pEGFP-HIF-1ac - + pEGFP-HIF-1a. = + 20 = 80,000
2 | sekps = o o O pEZX-PG02
170kDs _ A 2 N Tubulin = x B NPHP3-pmit plasmid
p— 4— HIF-1a-GFP 42 43 kD | %‘, 15 5 60,000
:G:J 120 kDa | d > 0] .
o = 3 95 kDa _E NPHP3 § 10 A -é 40,000 - "
T 3 — .
o Western blot: = 10 14 % :_:-
56 kDs — GFP o 5 % 20,000 H ’_Y_I_T_‘
o] T T
25 kDa _ | < GFP a N RS o8 A
56 kDa _ WB-: Tubuli (’,O ?Q' Q’G QQ’
4310s — - rubdin 10 21 < & N @
Q Q
H 20 I siControl 2" siHIF-10 pEGFP-C1  pEGFP-HIF-1at J
| - - 3
o O siControl pEGFP-C1  + - + - siControl  + - + - % O SoD1
= .
w 1 E2msiHIF-1o - - + - %+ nd - - + - 4+ ® m S0D2
C?l 2 15 “ pEGIiP 1a 20 SiHIF-1a 3 5 | m Catalase ,, .,
=z g, 130 kDa _ i . g2 HO-1
§ES 10 | a a5 K0s _ — =~ | GFP-HIF-1a  ¥72%° HF-1a X§
o © - i)
oo 35 kDa — = 89 1 4
£2 05 i0a_ WD - .| GFP Actin a8
z =
[*}
N ,\\}4 42 kDa — N o
e] ) A
& N L
& X o b
§ < ¢ R
& Q O
N Q

Figure 3. HeLa cells incubated under hypoxic condition increased primary cilium formation. (A,B)
Cells were incubated under normoxic or hypoxic condition for up to 6 h. Cell lysates were prepared.
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HIF-1o (A) and NPHP3 (B top) proteins were detected by Western blot analysis. Total RNA was
prepared by using NucleoZOL® and the expression level of NPHP3 was measured by RT-PCR
(B bottom). (C) Cells were transfected with pEZX-PG02-NPHP3-promoter Gaussia luciferase (Gluc)
plasmid and incubated under normoxic or hypoxic condition for up to 6 h. The activity of Gluc in
cultured media was measured with luminometer using Gluc substrate. (D-F) Cells were transfected
with pEGFP-C1 or pEGFP-HIF-1« plasmids and incubated for 24 h. Cell lysatess were prepared
and GFP (D) and NPHP3 (E top) proteins were detected by Western blot analysis. Total RNA
was prepared by using NucleoZOL® and the expression level of NPHP3 was measured by RT-PCR
(E bottom). Density of each band was analyzed by Image] 1.34 n and results were normalized to
tubulin or actin. Numbers under each band indicated the relative fold changes to control (E). The cells
were fixed and stained with antibodies against Ac-tubulin and Arl13b. Nucleus was stained with
DAPI. The primary cilium was observed with 1000 x magnification under fluorescence microscope.
The ciliated HeLa cells (1 > 500 cells) transfected with pEGFP-C1 (white) or pEGFP-HIF-1x (grey)
plasmids were counted (F). (G-J) pEZX-PGO02 control (white) or pEZX-PG02-NPHP3-promoter-Gluc
plasmids (grey) were co-transfected into cells with pEGFP-C1 or pEGFP-HIF-1« plasmids. Cells were
incubated for 36 h (G). pEZX-PG02-NPHP3-promoter-Gluc plasmids were co-transfected into cells
with pEGFP-C1 or pEGFP-HIF-1a plasmids and incubated for 6 h. Then, each group was transfected
with AccuTarget™ scrambled siRNA (siControl) or 2nd HIF-1x-siRNA (siHIF-1x) and incubated
up to 24 h (H). The activity of Gluc in cultured media was measured with luminometer using Gluc
substrate (G,H). Cell lysates were prepared. GFP-HIF-1x and GFP proteins were detected by Western
blot analysis (I left). Total RNA was prepared by using NucleoZOL® (I right, J). The expression
level of HIF-1x was measured by RT-PCR (I right). The expression level of each antioxidant gene
was measured by Q-PCR (J). Data were the representative of four experiments. Processing (such as
changing brightness and contrast) is applied equally to controls across the entire image (A,B,D,E,I).
Data in bar graphs represents the means + SD. * p < 0.05, ** p < 0.01; significantly different from
pEGFP-Cl-transfected (F-H,J) control group. && p < 0.01; significantly different from pEGFP-HIF-1c-
and siControl-tansfected group (H).
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Figure 4. Primary cilium formation was enhanced by reactive oxygen species (ROS) and HIF-1x
under serum-deprived (SD) condition. (A,B) Cells were incubated under SD condition in the absence
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or presence of N-acetylcysteine (NAC) and treated with DCF-DA. Fluorescent cells with ROS pro-
duction were measured by FACS analysis (A). Geometric mean fluorescence intensity (MFI) from
four experiments was analyzed by WinMDI 2.8 (B). The differences in MFI were indicated by grey
dotted or solid lines. (C) Cells were incubated under SD condition in the absence or presence of
NAC. The cells were fixed and stained with antibody against Ac-tubulin. The representative image
of primary cilia was observed with 400 x magnification under fluorescence microscope. The ciliated
cells (n > 500 cells) in NAC-untreated (white) or -treated (grey) groups were counted. (D) Cells
were transfected with pEZX-PG02-NPHP3-promoter-Gluc plasmids and incubated in the absence or
presence of NAC for 24 h. The activity of Gluc in cultured media was measured with luminometer
using Gluc substrate. (E) Cells were treated with 50 uM H,O, for 24 h. Cell lysates were prepared
and HIF-1« protein was detected by Western blot analysis. (F,G) Cells were treated with 50 pM
H,O, for 24 h (F) after the inhibition of HIF-1a by the transfection of siHIF-1c (G). The cells were
fixed and stained with antibody against Ac-tubulin. The primary cilium was observed with 1000 x
magnification under fluorescence microscope. The ciliated cells (1 > 500 cells) were counted in
each group. Data were the representatives of four experiments. Data in bar graphs represent the
means £ SD (B-D,F,G). ** p < 0.01; significantly different from FBS-treated (B,D) or NAC-untreated
(C) or HyO, —untreated (F,G) control group. # p < 0.01; significantly different from NAC-untreated
group with FBS (D). && p < 0.01; significantly different from SD control and NAC-untreated (B,D) or
H,O,-treated and control-siRNA-treated group (G).

2.4. ROS-Increased ERK Is Related to PC Formation and NPHP3 Transcription

As ERK is a ROS-induced kinase that regulates HIF-1¢ in the expression of various
genes [37,38], we tested whether ROS-increased ERK was related to PC formation and
NPHP3 transcription. As SD increased ERK phosphorylation ~2.4 times (Figure 5A) that
was decreased ~85% with the NAC treatment (Figure 5B), we confirmed the increase of
ROS-mediated ERK phosphorylation ~3.2 times in the HyO,-treated group (Figure 5C). We
also examined the role of ERK in PC formation and NPHP3 transcription using PD98059
inhibiting ERK activation ~62% (Figure 5D). PD98059 reduced NPHP3 transcriptional
activity ~75% (Figure 5E) and PC formation ~21% (Figure 5F). The data demonstrated that
ERK could regulate PC formation and NPHP3 expression in SD conditions.

2.5. PC Formation Influences NPHP3 Expression and Cell Growth in SD Conditions

We examined whether PC formation could regulate NPHP3 expression and cell growth
using ciliobrevin A (CilioA) to inhibit ciliogenesis. PC frequency was inhibited with the
CilioA treatment ~36% (Figure 6A). NPHP3 transcription (Figure 6B) and promoter activity
(Figure 6C) decreased with the CilioA treatment in response to incubation under SD
conditions. The CilioA treatment reduced cancer cell viability ~20% (Figure 6D left). The
CilioA treatment also reduced the total cell number ~20% and ~50% in an incubation with
5% FBS or SD conditions, respectively (Figure 6D right). Decrease in cancer cell viability
~5% (Figure 6E left) and total cell number ~20% (Figure 6E right) was also measured in
PC-deficient IFT88~/~ cells. The data demonstrated that cancer cells under SD conditions
were maintained by NPHP3-associated PC formation via ROS-induced HIF-1« and ERK
activation (Figure 6F). This suggested that PC formation could control cell viability and
growth in an incubation with SD conditions.
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Figure 5. ERK activation under SD condition control primary cilium formation and NPHP3 expres-
sion. (A-D) Cells were incubated with or without 5% FBS in the absence (A,B) or presence (B) of
N-acetylcysteine (NAC). Cells were treated with 50 uM H,O, for 3 h (C). Cells were incubated
under serum-deprived (SD) condition in the absence or presence of PD98059, ERK inhibitor (D).
Cell lysates were prepared and ERK and phospho (p)-ERK proteins were detected by Western blot
analysis (A-D left). Density of each band was analyzed by Image] 1.34n and results were normalized
to tubulin. Relative fold changes in each band to control were represented in bar graphs (A-D right).
(E) Cells were transfected with pEZX-PG02-NPHP3-promoter-Gluc plasmids and incubated with or
without 5% FBS in the absence or presence of PD98059 for 24 h. The activity of Gluc in cultured media
was measured with luminometer using Gluc substrate. (F) Cells were incubated under SD condition
in the absence or presence of PD98059. The cells were fixed and stained with antibody against Ac-
tubulin. The primary cilium was observed with 1000 x magnification under fluorescence microscope.
The ciliated cells (n > 500 cells) were counted in each group. Data were the representative of four
experiments. Processing (such as changing brightness and contrast) is applied equally to controls
across the entire image (A-D left). Data in bar graphs represents the means + SD (A-D right, EF).
*p <0.05, ** p < 0.01; significantly different from 5% FBS-treated group (A,B,E) or H,O,-untreated
(C) or PD98059-untreated control (D,F). #p < 0.01; significantly different from PD98059-untreated
group with FBS. && p < 0.01; significantly different from PD98059-untreated group without FBS (E).
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Figure 6. Ciliobrevin A inhibited cell viability, cell number and NPHP3 expression under serum-
deprived (SD) condition. (A,B) Cells were incubated without 5% FBS in the absence or presence
of ciliobrevin A (CilioA). Cells were fixed and stained with antibody against Ac-tubulin (green)
and DAPI (blue). The primary cilium was observed with 1000 x magnification under fluorescence
microscope. The ciliated HeLa cells (1 > 500 cells) in the absence (white) or presence (grey) of CilioA
were counted (A). Total RNA was prepared by using NucleoZOL® and the expression level of NPHP3
was measured by RT-PCR (B). (C) Cells were transfected with pEZX-PG02-NPHP3-promoter-Gluc
plasmids and incubated in the absence or presence of CilioA for up to 12 h. The activity of Gluc
in cultured media was measured with luminometer using Gluc substrate. The activity of Gluc
in cultured media was measured with luminometer using Gluc substrate. (D,E) HeLa (D) or PC-
deficient IFT88~/~ A375 (E) cells were incubated with or without FBS for 24 h. Cell viability was
measured by the trypan exclusion assay (D-E left). Cell number was counted using a hemocytometer
(D,E right). Data were representative of four experiments. Processing (such as changing brightness
and contrast) is applied equally to controls across the entire image (B). Data in bar (A,C-E) graphs
represents the means £ SEM. * p < 0.05, ** p < 0.01; significantly different from CilioA-untreated (A) or
5% FBS-treated group (C-E) at each time point (C). # p < 0.01; significantly different from CilioA-
untreated group with FBS (D). & p < 0.05, & p < 0.01; significantly different from CilioA-untreated
group without FBS (C,D) at each time point (C) or wildtype group without FBS (E). (F) Scheme for
primary cilium formation by serum starvation-induced ROS through ERK activation, HIF-1x and
NPHP3 expression to regulate tumor cell survival. While HIF-1« regulated NPHP3 expression and
primary cilium formation via ERK activation in HeLa human cervical cancer cells (solid line). ROS
also up-regulate NPHP3 expression through unknown another factors (marked as question marks
and grey dotted lines). Our findings were indicated by black solid lines. Pathway already known
was indicated by grey solid lines.
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3. Discussion

The PC regulates the cell cycle as well as differentiation, polarity, migration and it
also maintains homeostasis in tissues and organs [15,39,40] by sensing changes in the
enrichment of nutrients [15]. NPHP3, one of the ciliary proteins, contributes to the most
frequent genetic disease of renal failure [17-19]. PC formation is induced by incubation with
a serum-deprivation (SD) medium [11-14]. ROS are produced as byproducts of cellular
respiration under SD conditions [1] and induce an apoptotic response in various cell
types [7,8]. In the adaptation of cells to SD-induced oxidative stress, HIF-1« stabilization
and HIF-1 activation inhibit apoptosis in cancer cells [23]. However, no information has
been reported regarding the role of HIF-1&x on NPHP3-associated PC formation to control
cell viability under SD normoxic conditions. In this study, our data demonstrated that
PC formation regulates cancer cell viability and growth by NPHP3 expression through
ROS-induced ERK activation and HIF-1« stabilization under SD conditions.

Nutrient deprivation primes cancer cells for adaptability to oxidative stress and/or a
general survival mechanism to anti-tumorigenic agents [9]. SD changes various cellular
conditions [10] including proliferation inhibition [41] and apoptotic cell death [1,36,42—46].
As cancer cells remain alive and grow in SD conditions, it is questionable how cancer
cell survival and death are controlled under SD conditions. PC formation is one of the
representative SD-induced events in many types of cultured cells [11-13,47]. NPHP3, one
of the ciliary proteins, regulated PC formation and interacted with thymosin beta-4 to
control tumor growth [34,35]. Our data also showed that SD increased PC formation and
NPHP3 expression (Figure 1A-F). Defining the molecule working in SD conditions and its
mechanism of action on PC formation and NPHP3 expression is required.

The nuclear translocation of the HIF-1x protein is enhanced under normoxic condi-
tions [31] as well as hypoxic conditions [26]. HIF-1« increases renal PC length following
renal injury [32]. SD also significantly increase PC length under normoxic conditions [33].
ROS are the representative SD-induced molecules for PC formation [34,35,42]. Our data
showed that SD increased the HIF-1oc and ROS-regulating proteins (Figure 1G, H) leading
to an increase in NPHP3 expression (Figures 2 and 3). Our data also showed that ROS
production under SD conditions controlled NPHP3 expression and HIF-1o-mediated PC
formation (Figure 4). In contrast, it has been reported that no changes in ROS production
and PC formation were detected by the incubation with MitoTempo, an antioxidant for
mitochondrial ROS [36]. Oxidative stresses caused by excessive ROS production contribute
to the activation of Nrf2 which is a master transcription factor involved in antioxidant and
detoxification responses [5,6] to prevent oxidant injury [48]. Further research is required to
study whether Nrf2 regulates NPHP3 expression in response to ROS.

SD-mediated cellular events are regulated by various signaling molecules [49-51].
The PC regulates HIF signaling during inflammation [52]. PC formation inhibits cancer
cell proliferation [53] or is correlated with a few proliferative cancer cells [54]. ERK is a
ROS-induced kinase that regulates HIF-1o for the expression of various genes [37,38]. Our
results showed that SD-activated ERK controlled NPHP3 transcription and PC formation
(Figure 5), leading to the regulation of tumor cell viability and growth (Figure 6). It is
possible that other signaling molecules could be associated with HIF-1x-mediated NPHP3
expression and PC formation.

The PC assembly responding to SD is associated with the inhibition of Aurora A
(AurA) and the inactivation of receptor tyrosine kinases (RTKs) as well as ubiquitin-specific
peptidase 8 (USP8) [55,56]. SD may change various intracellular signaling molecules
including PI3K/Akt, MEK/ERK1/2, p38 and JNK1/2 [49,51,57]. In terms of cancer cell
death, SD has promoted apoptosis by activating the ASK1-JNK/p38 MAPK pathways
in hepatocellular carcinomas [58]. SD-induced CD133 prevented colon cancer cell death
through the activation of Akt-mediated protein synthesis [59]. SD also promoted tumor
cell survival by inducing Bcl 10 through the activation of forkhead transcription factor
(FOXO3a)-mediated nuclear factor kappaB [60]. SD also significantly enhanced autophagy-
related protein expression [61] and Ca** mobilization from ER [50]. Thus, the relevance of
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HIF-1oc and the signaling molecules involved in PC formation and NPHP3 expression to
regulate cancer cell viability are further clarified.

Previous reports showed that the effect of hypoxic conditions on PC formation, length
and function is a little complicated with cell type and developmental stage. The percent of
elongated cilia reduced significantly in rat tail tendon fascicles under hypoxic conditions,
but the cilia length and function increased in the hypoxic fetal proximal and distal collecting
epithelia [62,63]. It might be due to many other molecular changes as well as HIF-1oc under
hypoxic conditions. Among them, hypoxia-induced ROS [27-30] are common molecules
produced by SD-induced oxidative stress [23] in cancer cells. Our data suggest that HIF-1c
could be regulated by ROS, leading to PC formation via NPHP3 expression. However, it
does not rule out that the Hela cells, which have been cultivated for more than 71 years,
will change their functionality. It is also required a controlled experiment to confirm our
suggestion in a different cell line and /or a cell line without PC formation such as IFT88~/~
cells we used.

Oxygen tension significantly affects the cilium length with the re-localization of GLI2
and SMO proteins into the cilia [33]. Many signaling molecules have been associated with
PC membranes, which regulate cell proliferation, migration, and differentiation [56]. Im-
portant signaling pathways are mediated by hedgehog (HH), Notch, wigless (Wnt), hippo
(Salvador-Warts-Hippo), JAK/STAT, TRPV4, cAMP/cGMP, mTOR and platelet-derived
growth factor (PDGF) for intercellular communications between cancer cells [39,40,64,65].
It is, therefore, possible for ROS to stimulate those signaling pathways for NPHP3 expres-
sion and PC formation. Whether and how those signaling pathways regulate cancer cell
viability and growth under SD conditions remains to be defined.

Taken together, although many questions remain regarding the relationship between
cancer cell survival and the HIF-1x-mediated regulation of NPHP3 expression and PC
formation, our data suggest that HIF-1o« might regulate NPHP3 expression and PC forma-
tion leading to the maintenance of cancer cell survival (Figure 6E). However, unknown
molecules induced by SD affecting PC formation and NPHP3 expression cannot be ruled
out. Our findings might be re-affirmed by using cells without PC formation. Furthermore,
it is also required to study the relevance of the PC formation by the supply of nutrients
except SD in the tumor microenvironment using primary samples or 3D cultures. Our
results are beneficial to better understand the regulatory molecules that maintain cancer
cell survival under SD conditions.

4. Materials and Methods
4.1. Reagents

Dimethyloxallyl Glycine (DMOG, 71210) was from Cayman Chemical (Ann Arbor,
MI, USA). N-acetyl-L-cysteine (NAC), hydrogen peroxide (H,O,), MTT [3(4,5-dimethyl-
thiazol-2-yl1)-2,5-diphenyl tetrazolium bromide], sodium butyrate and 4’,6-diamidno-2-
phenylinole (DAPI) were purchased from the Sigma Chemical Co. (St. Louis, MO, USA).
2’,7’-dichlorofluorescin diacetate (DCF-DA) was purchased from Molecular Probe (Eugene,
OR, USA). Ciliobrevin A was from Selleck Chemicals (Houston, TX, USA). PD98059 was
from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). Mouse antibodies which are reac-
tive with acetylated tubulin (T7451), and -tubulin (T4026) were from Sigma-Aldrich Co.
(St. Louis, MO, USA). Rabbit antibodies which are reactive with Nrf2 and HIF-1x were
from Cell signaling Technology (Cat# 12721, Danvers, MA, USA) and Novus Biologicals
(Centennial, CO, USA), respectively. Rabbit antibodies which are reactive with Arl13b
(17711-1-AP) were from Proteintech Group Inc. (Rosemont, IL, USA). Chicken anti-mouse
IgG-Alexa 488 (A-21200) and goat anti-rabbit-Alexa 568 (A-11011) were obtained from
Invitrogen (Calsbad, CA, USA). Except where indicated, all other materials are obtained
from the Sigma Chemical Co. (St. Louis, MO, USA).
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4.2. Plasmids and siRNAs

Pre-designed promoters for NPHP3 (NM_153240) was obtained from GeneCopoeia
Inc. (Rockville, MD, USA). NPHP3-promoter (HPRM12542) was 1309 bp (—1311 ~ —3)
upstream from starting codon for NPHP3 transcription in Homo sapiens 3 BAC RP11-39E4
(AC055732.16) [34]. NPHP3 promoter was cloned at the sites between EcoRI and HindIII of
Gaussia luciferase (Gluc) reporter plasmid vector, pEZX-PGO02.

Small interference (si) RNAs are customer-ordered to Bioneer (Daejeon, Republic of
Korea). Sequences of siRNAs for HIF-1« are as follows: 1st siHIF-1x with [sense: UGA TAC
CAA CAG UAA CCA A(dTdT); anti-sense: UUG GUU ACU GUU GGU AUC A(dTdT)] or
2nd siHIF-1x with [sense: CAU GAA AGC ACA GAU GAA U(dTdT); anti-sense: AUU
CAU CUG UGC UUU CAU G(dTdT)]. AccuTarget™ negative control siRNA (SN-1001)
was also purchased from Bioneer (Daejeon, Republic of Korea).

4.3. Cell Culture

HelLa human cervical cancer cells (ATCC # CCL-2) were obtained from Korea Research
Institute of Bioscience and Biotechnology (KRIBB) cell bank (Daejeon, Republic of Korea).
PC-deficient IFT88~/~ A375 human melanoma cells (ATCC # CRL-1619) were kindly
provided from Professor Ja-Hyun Koo, Seoul National University (Seoul, Republic of
Korea). Cells were cultured as monolayers in Dullecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, Grand Island, NY, USA), 2 mM
L-glutamine, 100 units/mL penicillin and streptomycin (GIBCO, Grand Island, NY, USA).
Cells were incubated at 37 °C in a humidified atmosphere of 5% CO, maintenance. For the
induction of primary cilium formation, cells were incubated in serum-deprived media with
0.1% FBS for 36 h.

4.4. Cytotoxicity Assay

Cell survival was measured by using the trypan blue exclusion assay. Confluent cells
were cultured with various concentrations of FBS for 24 h. Cells were collected and mixed
with equal volume of 0.4% trypan blue in PBS. Dying or dead cells were stained with blue
color and viable cells were unstained. Each cell was counted by using hemocytometer
under light microscope (Olympus Korea Co., Ltd., Seoul, Republic of Korea).

4.5. Hypoxia Treatment

To incubate HeLa cells under hypoxic conditions, cells were placed in an atmosphere
of 84% Ny, 10% Hj, 5% CO, and 1% O, in a hypoxia chamber (Forma Anaerobic System,
Thermo Electron Corporation, Waltham, MA, USA). Cultures were intermittently flushed
with nitrogen, sealed, and then maintained in a humidified incubator at 37 °C inside the
hypoxia chamber. Hypoxia-treated cells were collected in the hypoxia chamber to avoid
the degradation of hypoxia-responsive molecules.

4.6. ROS Measurement

The level of reactive oxygen species (ROS) was measured by incubating cells with
or without 10 uM DCEF-DA at 37 °C for 30 min. Fluorescence intensity of 10,000 cells was
analyzed by FACSCalibur™ (Becton Dickinson, San Joes, CA, USA) [66]. Each cell was
acquired with FL1 channel to analyze ROS production by the changes in fluorescence
intensity. Cells were gated into one population at dot plot with forward scatter (FSC) in the
X-axis and side scatter (SSC) in the Y-axis. Gated cells were represented in the histogram to
fluorescence intensity and the geometric mean fluorescence intensity (MFI) was quantitated
by WinMDI 2.8 for each sample.

4.7. Detection of Primary Cilia

For the detection of primary cilia in vitro, cells were maintained in serum-deprived
culture medium [34]. Briefly, HeLa cells were grown on coverslip and then incubated with
serum-deprived DMEM with 0.1% FBS for 36 h. Cells were fixed with 4% paraformaldehyde
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for 10 min, washed three times with cold PBS, and permeabilized with PBST (0.1% (v/v)
Triton X-100 in PBS) for 10 min. Then, cells were washed three times, and incubated
with monoclonal anti-acetylated tubulin antibodies diluted (1:1000) or/and polyclonal
anti-Arl13b antibodies diluted (1:1000) in PBST for 2 h at room temperature. After washing
three times with PBS, cells were incubated with chicken anti-mouse IgG-Alexa 488 diluted
(1:1000) or/and goat anti-rabbit IgG-Alexa 568 diluted (1:2000) in PBST for 1h at room
temperature. The nucleus was visualized by staining cells with DAPI. After washing with
PBS, cells were mounted on slide glass. Primary cilia were observed and photographed at
1000 x magnification under a fluorescence microscope (Nikon, Tokyo, Japan).

4.8. Transfection of Nucleic Acids

Each plasmid DNA, siRNAs for HIF-1x and AccuTarget™ negative contol siRNA
were transfected into cells as follows [34]. Briefly, each nucleic acid and lipofectamine
2000 (Invitrogen, Calsbad, CA, USA) was diluted in serum-free medium and incubated for
5 min, respectively. The diluted nucleic acid and lipofectamine 2000 reagent was mixed by
inverting and incubated for 20 min to form complexes. Meanwhile, cells were stabilized
by the incubation with the culture medium without antibiotics and serum for at least
2 h prior to the transfection. Pre-formed complexes were added directly to cell culture
medium and cells were incubated for an additional 6 h. Then, the culture medium was
replaced with antibiotic and 10% FBS-containing DMEM and incubated for 24-72 h prior
to each experiment.

4.9. Gaussia Luciferase Assay for Promoter Activity

HeLa cells were transfected with the NPHP3-Gluc plasmids using lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). Then, cells were incubated for an appropriate time.
Secreted Gluc reporter protein was obtained by the collection of culture-conditioned media
after the indicated time intervals. Gluc activity of reporter protein was measured by Gluc
assay kit (Promega Co., Madison, WI, USA) including coelenterazine as a substrate for Gluc
according to the manufacturer’s protocol. Luminescence was detected by using Lumet 3, LB
9508 luminometer (Berthold Technologies GmbH & Co. KG, Bad Wildbad, Germany) [34].

4.10. Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were performed, as described previously [67-69]. Cells were crosslinked
with a final concentration 1% formaldehyde for 10 min at room temperature. Then, 125 mM
of glycine was added to quench unreacted formaldehyde. Cells were collected and son-
icated to make DNA fragments with a size range of 200 to 1000 bp. Cell extracts were
immune-precipitated using 1 pg anti-HIF-1 or rabbit IgG control (Abcam, Cambridge, UK)
for each sample suspended in 450 uL ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl) purchased from Cell signaling
Technology (Cat# 20-153, Danvers, MA, USA). For all ChIP experiments, PCR analyses
were performed by using multiple sets of primers spanning the transcription factor binding
site on the NPHP3 gene promoter.

4.11. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted by using NucleoZOL reagent (MACHEREY-NAGEL GmbH
& Co. KG, Duren, Germany). Complementary DNA (cDNA) was synthesized from
1 pg of isolated total RNA, oligo-dTqg, and superscript reverse transcriptase (Bioneer,
Daejeon, Republic of Korea) in a final volume of 20 pL. For standard PCR, 1 uL of template
cDNA was amplified with Taq DNA polymerase. PCR amplification was performed
with 30~35 thermocycles for 30 s at 95 °C, 30 s at 55 °C, and 60 s at 72 °C using human
oligonucleotide primers specific for NPHP3 (sense: 5'-AGC GAA ATA CCA AGC AAT GG-
3/; anti-sense: 5'-TGG AAG GTT CAC TTC CCA AG-3'), HIF-1x (sense: 5'-CTC AAA GTC
GGA CAG CCT CA-3'; anti-sense: 5’GAT TGC CCC AGC AGT CTA CA-3’) and actin (sense:
5'-GTC ACC AAC TGG GAC GAC AT-3'; anti-sense: 5'-GCA CAG CCT GGA TAG CAA
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CG-3'). Amplified PCR products were separated by 1.0-2.0% agarose gel electrophoresis
and detected on Ugenius 3® gel documentation system (Syngene, Cambridge, UK).

4.12. Real-Time Reverse Transcription (Q-PCR) Analysis

To perform real-time reverse transcription (Q-PCR) analyses, total cellular RNA (5 mg)
was reverse transcribed into cDNA using SuperScript II (Invitrogen, Carlsbad CA, USA).
Real-time PCR was performed using the CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad laboratories, Hercules, CA, USA). The RT reaction product (100 ng) was amplified
with THUNDERBIRD SYBR qPCR Mix (TOYOBO CO., Osaka, Japan) using primers specific
for human target genes, SOD1 (sense: 5'-GCA AAG GTG GAA ATG AAG A-3'; anti-sense:
5'-TAG CAG GAT AAC AGA TGA GTT-3'), SOD2 (sense: 5'-CAA GCC TGG TAC ATA
CTG A-3'; anti-sense: 5'-TTT GAT GGT TGA CAG ATT CTT T-3'), catalase (sense: 5'-AGG
GTG GTG CTC CAA ATT AC-3'; anti-sense: 5'-TTG AAT CTC CGC ACT TCT CC-3'),
HO-1 (sense: 5-CTG CTC TGT AAT GTT GTG-3’; anti-sense: 5'-GTG TGA CCT TCT GTT
AGT-3') and B-Actin (sense: 5'-GCC AGG TCA TCA CCA TTG-3'; anti-sense: 5'-GTT GAA
GGT AGT TTC GTG GAT-3'). Samples were heated to 95 °C for 1 min and amplified for
40 cycles followed by a final extension step of 72 °C for 10 min. GAPDH was used as an
internal control. Relative quantification of each mRNA was analyzed by the comparative
threshold cycle (CT) method [35].

4.13. Western Blotting

Cells were lysed in an ice-cold RIPA buffer (Triton X-100)-containing protease in-
hibitors (2 pg/mL aprotinin, 1 uM pepstatin, 1 pg/mL leupeptin, 1 mM phenylmetylsu-
fonyl fluoride (PMSF), 5 mM sodium fluoride (NaF) and 1 mM sodium orthovanadate
(NagVOy)). The protein concentration of the sample was measured using SMART™ BCA
protein assay kit (Pierce 23228) from iNtRON Biotech. Inc. (Seoul, Republic of Korea).
The same amount of heat-denatured protein in the sodium dodecyl sulfate (SDS) sample
buffer was separated in the sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to a nitrocellulose membrane using an electro blotter. An
equal amount of loaded sample on the membrane was verified by ponceau S staining. The
membrane was incubated with blocking solution (5% non-fat skim milk in Tris-buffered
saline with Tween 20 (TBST)), and then followed by incubation with the specific primary
antibodies. Horse radish peroxidase (HRP)-conjugated secondary antibody was used for
target-specific primary antibody. Target bands were visualized by the reaction with en-
hanced chemiluminescence (ECL) (Dong in LS, ECL-PS250). Immuno-reactive target bands
were visualized by the reaction with enhanced chemiluminescence (ECL-PS250) (Dongin
LS, Seoul, Republic of Korea) on X-ray film (Agfa HealthCare, Seoul, Republic of Korea) or
by the detection of IRdye with Odyssey CLx Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA), respectively [34].

4.14. Statistical Analysis

Experimental differences were verified for statistical significance using ANOVA and
student’s t-test. p value of <0.05 and <0.01 was considered to be significant as compared
to control.
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//www.mdpi.com/article/10.3390/ijms232314500/s1.

Author Contributions: J.-W.L. settled down, conducted the experiments, and wrote primary manuscript.
J.-Y.C. and PX.T. conducted the experiments. E.-Y.M. planed main idea of the study, analyzed the
results, corrected the manuscript, and supported authors to provide reagents, materials and analysis
tools. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Research Program through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Science and ICT (grant number
2021R1A4A5033289).


https://www.mdpi.com/article/10.3390/ijms232314500/s1
https://www.mdpi.com/article/10.3390/ijms232314500/s1

Int. ]. Mol. Sci. 2022, 23, 14500 16 of 18

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no competing financial and non- financial interests.

References

1. Roucou, X.; Antonsson, B.; Martinou, J.C. Involvement of mitochondria in apoptosis. Cardiol. Clin. 2001, 19, 45-55. [CrossRef]

2. Luo, H.; Chiang, H.H.; Louw, M,; Susanto, A.; Chen, D. Nutrient Sensing and the Oxidative Stress Response. Trends Endocrinol.
Metab. 2017, 28, 449-460. [CrossRef] [PubMed]

3.  Betteridge, D.J. What is oxidative stress? Metabolism 2000, 49, 3-8. [CrossRef] [PubMed]

4. D’Autréaux, B.; Toledano, M.B. ROS as signalling molecules: Mechanisms that generate specificity in ROS homeostasis. Nat. Rev.
Mol. Cell Biol. 2007, 8, 813. [CrossRef] [PubMed]

5. Kensler, TW.; Wakabayashi, N.; Biswal, S. Cell survival responses to environmental stresses via the Keap1-Nrf2-ARE pathway.
Annu. Rev. Pharmacol. Toxicol. 2007, 47, 89-116. [CrossRef] [PubMed]

6. Ma, Q. Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426. [CrossRef]

7. Gold, R,; Kappos, L.; Arnold, D.L.; Bar-Or, A.; Giovannoni, G.; Selmaj, K.; Tornatore, C.; Sweetser, M.T.; Yang, M.; Sheikh, S.I.; et al.
Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple sclerosis. N. Engl. |. Med. 2012, 367, 1098-1107. [CrossRef]

8. Lugade, A.A.; Vethanayagam, R.R.; Nasirikenari, M.; Bogner, PN.; Segal, B.H.; Thanavala, Y. Nrf2 regulates chronic lung
inflammation and B-cell responses to nontypeable Haemophilus influenzae. Am. . Respir. Cell Mol. Biol. 2011, 45, 557-565.
[CrossRef] [PubMed]

9.  White, E.Z,; Pennant, N.M.; Carter, ].R.; Hawsawi, O.; Odero-Marah, V.; Hinton, C.V. Serum deprivation initiates adaptation and
survival to oxidative stress in prostate cancer cells. Sci. Rep. 2020, 10, 12505. [CrossRef] [PubMed]

10. Sasaki, K.; Matsumura, K.; Murakami, T.; Shinozaki, F; Takahashi, M. Effects of serum deprivation on Ki-67-reactive antigen.
Expression in HeLa cells. Acta Pathol. Jpn. 1989, 39, 638-642. [PubMed]

11. Kiprilov, ENN.; Awan, A.; Desprat, R.; Velho, M.; Clement, C.A.; Byskov, A.G.; Andersen, C.Y.; Satir, P.; Bouhassira, E.E.;
Christensen, S5.T.; et al. Human embryonic stem cells in culture possess primary cilia with hedgehog signaling machinery. J. Cell
Biol. 2008, 180, 897-904. [CrossRef] [PubMed]

12. Pampliega, O.; Orhon, I; Patel, B.; Sridhar, S.; Diaz-Carretero, A.; Beau, I.; Codogno, P.; Satir, B.H.; Satir, P.; Cuervo, A.M.
Functional interaction between autophagy and ciliogenesis. Nature 2013, 502, 194-200. [CrossRef] [PubMed]

13.  Pierce, N.-W,; Nachury, M.V. Cilia grow by taking a bite out of the cell. Dev. Cell 2013, 27, 126-127. [CrossRef] [PubMed]

14. Tang, M.C; Chan, L.C,; Yeh, Y.C.; Chen, C.Y.; Chou, T.Y.; Wang, W.S; Su, Y. Thymosin beta 4 induces colon cancer cell migration
and clinical metastasis via enhancing ILK/IQGAP1/Racl signal transduction pathway. Cancer Lett. 2011, 308, 162-171. [CrossRef]
[PubMed]

15.  Satir, P.; Pedersen, L.B.; Christensen, S.T. The primary cilium at a glance. J. Cell Sci. 2010, 123, 499-503. [CrossRef] [PubMed]

16. Avasthi, P.; Marshall, W.F. Stages of ciliogenesis and regulation of ciliary length. Differentiation 2012, 83, S30-542. [CrossRef]

17.  Nakata, K.; Shiba, D.; Kobayashi, D.; Yokoyama, T. Targeting of Nphp3 to the primary cilia is controlled by an N-terminal
myristoylation site and coiled-coil domains. Cytoskeleton 2012, 69, 221-234. [CrossRef] [PubMed]

18.  Shiba, D.; Manning, D.K.; Koga, H.; Beier, D.P; Yokoyama, T. Inv Acts as a Molecular Anchor for Nphp3 and Nek8 in the Proximal
Segment of Primary Cilia. Cytoskeleton 2010, 67, 112-119. [CrossRef] [PubMed]

19. Wolf, M.T.; Hildebrandt, E. Nephronophthisis. Pediatr. Nephrol. 2011, 26, 181-194. [CrossRef] [PubMed]

20. Habbig, S.; Liebau, M.C. Ciliopathies—From rare inherited cystic kidney diseases to basic cellular function. Mol. Cell. Pediatr.
2015, 2, 8. [CrossRef]

21. Bergmann, C.; Fliegauf, M.; Bruchle, N.O.; Frank, V.; Olbrich, H.; Kirschner, J.; Schermer, B.; Schmedding, I.; Kispert, A.;
Kranzlin, B.; et al. Loss of nephrocystin-3 function can cause embryonic lethality, Meckel-Gruber-like syndrome, situs inversus,
and renal-hepatic-pancreatic dysplasia. Am. J. Hum. Genet. 2008, 82, 959-970. [CrossRef]

22.  Zhou, W,; Dai, J.; Attanasio, M.; Hildebrandt, F. Nephrocystin-3 is required for ciliary function in zebrafish embryos. Am. .
Physiol. Ren. Physiol. 2010, 299, F55-F62. [CrossRef] [PubMed]

23. Piret, ].P; Lecocq, C.; Toffoli, S.; Ninane, N.; Raes, M.; Michiels, C. Hypoxia and CoCl2 protect HepG2 cells against serum
deprivation- and t-BHP-induced apoptosis: A possible anti-apoptotic role for HIF-1. Exp. Cell Res. 2004, 295, 340-349. [CrossRef]
[PubMed]

24. Wang, G.L,; Jiang, B.H.; Rue, E.A.; Semenza, G.L. Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS heterodimer regulated
by cellular O2 tension. Proc. Natl. Acad. Sci. USA 1995, 92, 5510-5514. [CrossRef]

25. Salceda, S.; Caro, ]. Hypoxia-inducible factor lalpha (HIF-1alpha) protein is rapidly degraded by the ubiquitin-proteasome system
under normoxic conditions. Its stabilization by hypoxia depends on redox-induced changes. J. Biol. Chem. 1997, 272, 22642-22647.
[CrossRef]

26. Huang, L.E.; Gu, J.; Schau, M.; Bunn, H.FE. Regulation of hypoxia-inducible factor lalpha is mediated by an O2-dependent
degradation domain via the ubiquitin-proteasome pathway. Proc. Natl. Acad. Sci. USA 1998, 95, 7987-7992. [CrossRef] [PubMed]

27. Brunelle, ] K.; Bell, E.L.; Quesada, N.M.; Vercauteren, K.; Tiranti, V.; Zeviani, M.; Scarpulla, R.C.; Chandel, N.S. Oxygen sensing

requires mitochondrial ROS but not oxidative phosphorylation. Cell Metab. 2005, 1, 409-414. [CrossRef]


http://doi.org/10.1016/S0733-8651(05)70194-6
http://doi.org/10.1016/j.tem.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28314502
http://doi.org/10.1016/S0026-0495(00)80077-3
http://www.ncbi.nlm.nih.gov/pubmed/10693912
http://doi.org/10.1038/nrm2256
http://www.ncbi.nlm.nih.gov/pubmed/17848967
http://doi.org/10.1146/annurev.pharmtox.46.120604.141046
http://www.ncbi.nlm.nih.gov/pubmed/16968214
http://doi.org/10.1146/annurev-pharmtox-011112-140320
http://doi.org/10.1056/NEJMoa1114287
http://doi.org/10.1165/rcmb.2010-0321OC
http://www.ncbi.nlm.nih.gov/pubmed/21216970
http://doi.org/10.1038/s41598-020-68668-x
http://www.ncbi.nlm.nih.gov/pubmed/32719369
http://www.ncbi.nlm.nih.gov/pubmed/2589078
http://doi.org/10.1083/jcb.200706028
http://www.ncbi.nlm.nih.gov/pubmed/18332216
http://doi.org/10.1038/nature12639
http://www.ncbi.nlm.nih.gov/pubmed/24089209
http://doi.org/10.1016/j.devcel.2013.10.013
http://www.ncbi.nlm.nih.gov/pubmed/24176638
http://doi.org/10.1016/j.canlet.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21621326
http://doi.org/10.1242/jcs.050377
http://www.ncbi.nlm.nih.gov/pubmed/20144997
http://doi.org/10.1016/j.diff.2011.11.015
http://doi.org/10.1002/cm.21014
http://www.ncbi.nlm.nih.gov/pubmed/22328406
http://doi.org/10.1002/cm.20428
http://www.ncbi.nlm.nih.gov/pubmed/20169535
http://doi.org/10.1007/s00467-010-1585-z
http://www.ncbi.nlm.nih.gov/pubmed/20652329
http://doi.org/10.1186/s40348-015-0019-1
http://doi.org/10.1016/j.ajhg.2008.02.017
http://doi.org/10.1152/ajprenal.00043.2010
http://www.ncbi.nlm.nih.gov/pubmed/20462968
http://doi.org/10.1016/j.yexcr.2004.01.024
http://www.ncbi.nlm.nih.gov/pubmed/15093734
http://doi.org/10.1073/pnas.92.12.5510
http://doi.org/10.1074/jbc.272.36.22642
http://doi.org/10.1073/pnas.95.14.7987
http://www.ncbi.nlm.nih.gov/pubmed/9653127
http://doi.org/10.1016/j.cmet.2005.05.002

Int. ]. Mol. Sci. 2022, 23, 14500 17 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Guzy, R.D.; Hoyos, B.; Robin, E.; Chen, H.; Liu, L.; Mansfield, K.D.; Simon, M.C.; Hammerling, U.; Schumacker, P.T. Mitochondrial
complex III is required for hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab. 2005, 1, 401-408. [CrossRef]
Kaelin, W.G., Jr. ROS: Really involved in oxygen sensing. Cell Metab. 2005, 1, 357-358. [CrossRef]

Mansfield, K.D.; Guzy, R.D,; Pan, Y.; Young, R.M.; Cash, T.P.; Schumacker, P.T.; Simon, M.C. Mitochondrial dysfunction resulting
from loss of cytochrome ¢ impairs cellular oxygen sensing and hypoxic HIF-alpha activation. Cell Metab. 2005, 1, 393-399.
[CrossRef]

Lee, JW,; Yang, D.H.; Park, S.; Han, HK,; Park, ] W.; Kim, B.Y.; Um, S.H.; Moon, E.Y. Trichostatin A resistance is facilitated by
HIF-1alpha acetylation in HeLa human cervical cancer cells under normoxic conditions. Oncotarget 2018, 9, 2035-2049. [CrossRef]
[PubMed]

Verghese, E.; Zhuang, J.; Saiti, D.; Ricardo, S.D.; Deane, ].A. In vitro investigation of renal epithelial injury suggests that primary
cilium length is regulated by hypoxia-inducible mechanisms. Cell Biol. Int. 2011, 35, 909-913. [CrossRef] [PubMed]

Brown, J.A,; Santra, T.; Owens, P.; Morrison, A.M.; Barry, F. Primary cilium-associated genes mediate bone marrow stromal cell
response to hypoxia. Stem Cell Res. 2014, 13, 284-299. [CrossRef] [PubMed]

Lee, JW.; Kim, H.S.; Moon, E.Y. Thymosin beta-4 is a novel regulator for primary cilium formation by nephronophthisis 3 in
HeLa human cervical cancer cells. Sci. Rep. 2019, 9, 6849. [CrossRef] [PubMed]

Lee, J.W,; Thuy, P.X.; Han, H.K.; Moon, E.Y. Di-(2-ethylhexyl) phthalate-induced tumor growth is regulated by primary cilium
formation via the axis of H202 production-thymosin beta-4 gene expression. Int. |. Med. Sci. 2021, 18, 1247-1258. [CrossRef]
[PubMed]

Kazi, A.; Dou, Q.P. Cell cycle and drug sensitivity. Methods Mol. Med. 2005, 111, 33—42.

Oh, ].M.; Ryoo, L].; Yang, Y.; Kim, H.S,; Yang, K.H.; Moon, E.Y. Hypoxia-inducible transcription factor (HIF)-1 alpha stabilization
by actin-sequestering protein, thymosin beta-4 (TB4) in Hela cervical tumor cells. Cancer Lett. 2008, 264, 29-35. [CrossRef]
[PubMed]

Saini, H.; Hakeem, I.; Mukherjee, S.; Chowdhury, S.; Chowdhury, R. Autophagy Regulated by Gain of Function Mutant p53
Enhances Proteasomal Inhibitor-Mediated Cell Death through Induction of ROS and ERK in Lung Cancer Cells. J. Oncol. 2019,
2019, 6164807. [CrossRef] [PubMed]

Basten, S.G.; Giles, R.H. Functional aspects of primary cilia in signaling, cell cycle and tumorigenesis. Cilia 2013, 2, 6. [CrossRef]
Pedersen, L.B.; Schroder, ]. M.; Satir, P.; Christensen, S.T. The ciliary cytoskeleton. Compr. Physiol. 2012, 2, 779-803.

Zhang, H.F,; Zhang, ].W.; Kong, L.J.; Wang, L.; Zhu, N.; Guo, S.C; Qiu, C.; Yan, X.J.; Chen, M.H. TXNDC5 mediates serum
starvation-induced proliferation inhibition of HeLa cell. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 2014, 36, 470-476. [PubMed]
Moon, E.Y. Serum Deprivation Enhances Apoptotic Cell Death by Increasing Mitochondrial Enzyme Activity. Biomol. Ther. 2008,
1, 1-8. [CrossRef]

Bialik, S.; Cryns, V.L.; Drincic, A.; Miyata, S.; Wollowick, A.L.; Srinivasan, A.; Kitsis, R.N. The mitochondrial apoptotic pathway is
activated by serum and glucose deprivation in cardiac myocytes. Circ. Res. 1999, 85, 403—414. [CrossRef] [PubMed]
Colombaioni, L.; Colombini, L.; Garcia-Gil, M. Role of mitochondria in serum withdrawal-induced apoptosis of immortalized
neuronal precursors. Brain Res. Dev. Brain Res. 2002, 134, 93-102. [CrossRef] [PubMed]

Colombaioni, L.; Frago, L.M.; Varela-Nieto, I; Pesi, R.; Garcia-Gil, M. Serum deprivation increases ceramide levels and induces
apoptosis in undifferentiated HN9.10e cells. Neurochem. Int. 2002, 40, 327-336. [CrossRef]

Zhu, W,; Chen, J.; Cong, X.; Hu, S.; Chen, X. Hypoxia and serum deprivation-induced apoptosis in mesenchymal stem cells. Stemn
Cells 2006, 24, 416-425. [CrossRef] [PubMed]

Tang, Z.; Lin, M.G.; Stowe, T.R.; Chen, S.; Zhu, M.; Stearns, T.; Franco, B.; Zhong, Q. Autophagy promotes primary ciliogenesis by
removing OFD1 from centriolar satellites. Nature 2013, 502, 254-257. [CrossRef] [PubMed]

Strom, J.; Xu, B.; Tian, X.; Chen, Q.M. Nrf2 protects mitochondrial decay by oxidative stress. FASEB ]. 2016, 30, 66—80. [CrossRef]
[PubMed]

Nelyudova, A.; Aksenov, N.; Pospelov, V.; Pospelova, T. By blocking apoptosis, Bcl-2 in p38-dependent manner promotes cell
cycle arrest and accelerated senescence after DNA damage and serum withdrawal. Cell Cycle 2007, 6, 2171-2177. [CrossRef]
Voccoli, V.; Mazzoni, F.; Garcia-Gil, M.; Colombaioni, L. Serum-withdrawal-dependent apoptosis of hippocampal neuroblasts
involves Ca++ release by endoplasmic reticulum and caspase-12 activation. Brain Res. 2007, 1147, 1-11. [CrossRef]

Xu, R.; Chen, J.; Cong, X.; Hu, S.; Chen, X. Lovastatin protects mesenchymal stem cells against hypoxia- and serum deprivation-
induced apoptosis by activation of PI3K/Akt and ERK1/2. J. Cell. Biochem. 2008, 103, 256-269. [CrossRef] [PubMed]

Wann, A K.; Thompson, C.L.; Chapple, J.P.; Knight, M.M. Interleukin-1beta sequesters hypoxia inducible factor 2alpha to the
primary cilium. Cilia 2013, 2, 17. [CrossRef] [PubMed]

Khan, N.A.; Willemarck, N.; Talebi, A.; Marchand, A.; Binda, M.M.; Dehairs, J.; Rueda-Rincon, N.; Daniels, V.W.; Bagadi, M.;
Thimiri Govinda Raj, D.B.; et al. Identification of drugs that restore primary cilium expression in cancer cells. Oncotarget 2016,
7,9975-9992. [CrossRef] [PubMed]

Kowal, TJ.; Falk, M.M. Primary cilia found on HeLa and other cancer cells. Cell Biol. Int. 2015, 39, 1341-1347. [CrossRef]
Tucker, RW.; Pardee, A.B.; Fujiwara, K. Centriole ciliation is related to quiescence and DNA synthesis in 3T3 cells. Cell 1979,
17,527-535. [CrossRef] [PubMed]

Nishimura, Y.; Kasahara, K.; Shiromizu, T.; Watanabe, M.; Inagaki, M. Primary Cilia as Signaling Hubs in Health and Disease.
Adv. Sci. 2019, 6, 1801138. [CrossRef]


http://doi.org/10.1016/j.cmet.2005.05.001
http://doi.org/10.1016/j.cmet.2005.05.006
http://doi.org/10.1016/j.cmet.2005.05.003
http://doi.org/10.18632/oncotarget.23327
http://www.ncbi.nlm.nih.gov/pubmed/29416751
http://doi.org/10.1042/CBI20090154
http://www.ncbi.nlm.nih.gov/pubmed/21241248
http://doi.org/10.1016/j.scr.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25171775
http://doi.org/10.1038/s41598-019-43235-1
http://www.ncbi.nlm.nih.gov/pubmed/31048733
http://doi.org/10.7150/ijms.53595
http://www.ncbi.nlm.nih.gov/pubmed/33526986
http://doi.org/10.1016/j.canlet.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18272284
http://doi.org/10.1155/2019/6164807
http://www.ncbi.nlm.nih.gov/pubmed/30723502
http://doi.org/10.1186/2046-2530-2-6
http://www.ncbi.nlm.nih.gov/pubmed/25360642
http://doi.org/10.4062/biomolther.2008.16.1.001
http://doi.org/10.1161/01.RES.85.5.403
http://www.ncbi.nlm.nih.gov/pubmed/10473670
http://doi.org/10.1016/S0165-3806(01)00326-1
http://www.ncbi.nlm.nih.gov/pubmed/11947940
http://doi.org/10.1016/S0197-0186(01)00090-0
http://doi.org/10.1634/stemcells.2005-0121
http://www.ncbi.nlm.nih.gov/pubmed/16253984
http://doi.org/10.1038/nature12606
http://www.ncbi.nlm.nih.gov/pubmed/24089205
http://doi.org/10.1096/fj.14-268904
http://www.ncbi.nlm.nih.gov/pubmed/26340923
http://doi.org/10.4161/cc.6.17.4610
http://doi.org/10.1016/j.brainres.2007.01.145
http://doi.org/10.1002/jcb.21402
http://www.ncbi.nlm.nih.gov/pubmed/17497701
http://doi.org/10.1186/2046-2530-2-17
http://www.ncbi.nlm.nih.gov/pubmed/24330727
http://doi.org/10.18632/oncotarget.7198
http://www.ncbi.nlm.nih.gov/pubmed/26862738
http://doi.org/10.1002/cbin.10500
http://doi.org/10.1016/0092-8674(79)90261-7
http://www.ncbi.nlm.nih.gov/pubmed/476831
http://doi.org/10.1002/advs.201801138

Int. ]. Mol. Sci. 2022, 23, 14500 18 of 18

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

Wang, R.; Yang, J.; Peng, L.; Zhao, J.; Mu, N.; Huang, J.; Lazarovici, P; Chen, H.; Zheng, W. Gardenamide A attenuated
cell apoptosis induced by serum deprivation insult via the ERK1/2 and PI3K/AKT signaling pathways. Neuroscience 2015,
286, 242-250. [CrossRef]

Chen, X.; Ma, W.; Yao, Y;; Zhang, Q.; Li, ].; Wu, X;; Mei, C,; Jiang, X.; Chen, Y.; Wang, G.; et al. Serum deprivation-response protein
induces apoptosis in hepatocellular carcinoma through ASK1-JNK/p38 MAPK pathways. Cell Death Dis. 2021, 12, 425. [CrossRef]
[PubMed]

Mori, Y.; Takeuchi, A.; Miyagawa, K.; Yoda, H.; Soda, H.; Nabeya, Y.; Watanabe, N.; Ozaki, T.; Shimozato, O. CD133 prevents
colon cancer cell death induced by serum deprivation through activation of Akt-mediated protein synthesis and inhibition of
apoptosis. FEBS Open Bio 2021, 11, 1382-1394. [CrossRef]

Li, Z.; Zhang, H.; Chen, Y.; Fan, L.; Fang, J. Forkhead transcription factor FOXO3a protein activates nuclear factor kappaB through
B-cell lymphoma/leukemia 10 (BCL10) protein and promotes tumor cell survival in serum deprivation. J. Biol. Chem. 2012,
287,17737-17745. [CrossRef]

Yang, P; Ling, L.; Sun, W,; Yang, J.; Zhang, L.; Chang, G.; Guo, J.; Sun, J.; Sun, L.; Lu, D. Ginsenoside Rg1 inhibits apoptosis
by increasing autophagy via the AMPK/mTOR signaling in serum deprivation macrophages. Acta Biochim. Biophys. Sin. 2018,
50, 144-155. [CrossRef]

Lavagnino, M.; Oslapas, A.N.; Gardner, K.L.; Arnoczky, S.P. Hypoxia inhibits primary cilia formation and reduces cell-mediated
contraction in stress-deprived rat tail tendon fascicles. Muscles Ligaments Tendons |. 2016, 6, 193-197. [CrossRef]

Shamloo, K.; Chen, J.; Sardar, J.; Sherpa, R.T.; Pala, R.; Atkinson, K.E; Pearce, W.J.; Zhang, L.; Nauli, S.M. Chronic Hypobaric
Hypoxia Modulates Primary Cilia Differently in Adult and Fetal Ovine Kidneys. Front. Physiol. 2017, 8, 677. [CrossRef] [PubMed]
Liu, H,; Kiseleva, A.A.; Golemis, E.A. Ciliary signalling in cancer. Nat. Rev. Cancer 2018, 18, 511-524. [CrossRef]

Wang, B.; Liang, Z.; Liu, P. Functional aspects of primary cilium in signaling, assembly and microenvironment in cancer. J. Cell.
Physiol. 2021, 236, 3207-3219. [CrossRef] [PubMed]

Jang, JW.; Lee, ].W.; Yoon, Y.D.; Kang, ].S.; Moon, E.Y. Bisphenol A and its substitutes regulate human B cell survival via Nrf2
expression. Environ. Pollut. 2020, 259, 113907. [CrossRef] [PubMed]

Cawley, S.; Bekiranov, S.; Ng, H.H.; Kapranov, P; Sekinger, E.A.; Kampa, D.; Piccolboni, A.; Sementchenko, V.; Cheng, J.;
Williams, A.J.; et al. Unbiased mapping of transcription factor binding sites along human chromosomes 21 and 22 points to
widespread regulation of noncoding RNAs. Cell 2004, 116, 499-509. [CrossRef] [PubMed]

Lee, J.W.; Lee, J.; Um, S.H.; Moon, E.Y. Synovial cell death is regulated by TNF-alpha-induced expression of B-cell activating factor
through an ERK-dependent increase in hypoxia-inducible factor-lalpha. Cell Death Dis. 2017, 8, €2727. [CrossRef] [PubMed]
Spencer, V.A,; Sun, ] M,; Li, L.; Davie, ].R. Chromatin immunoprecipitation: A tool for studying histone acetylation and
transcription factor binding. Methods 2003, 31, 67-75. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neuroscience.2014.11.056
http://doi.org/10.1038/s41419-021-03711-x
http://www.ncbi.nlm.nih.gov/pubmed/33931585
http://doi.org/10.1002/2211-5463.13145
http://doi.org/10.1074/jbc.M111.291708
http://doi.org/10.1093/abbs/gmx136
http://doi.org/10.32098/mltj.02.2016.05
http://doi.org/10.3389/fphys.2017.00677
http://www.ncbi.nlm.nih.gov/pubmed/28979210
http://doi.org/10.1038/s41568-018-0023-6
http://doi.org/10.1002/jcp.30117
http://www.ncbi.nlm.nih.gov/pubmed/33107052
http://doi.org/10.1016/j.envpol.2019.113907
http://www.ncbi.nlm.nih.gov/pubmed/32023790
http://doi.org/10.1016/S0092-8674(04)00127-8
http://www.ncbi.nlm.nih.gov/pubmed/14980218
http://doi.org/10.1038/cddis.2017.26
http://www.ncbi.nlm.nih.gov/pubmed/28383556
http://doi.org/10.1016/S1046-2023(03)00089-6
http://www.ncbi.nlm.nih.gov/pubmed/12893175

	Introduction 
	Results 
	Serum-Deficiency Contributes to PC Formation and the Expression of NPHP3 and HIF-1 
	HIF-1 Regulates NPHP3 Expression and PC Formation 
	SD-Induced ROS Are Associated with NPHP3 Expression and HIF-1-Mediated PC Formation 
	ROS-Increased ERK Is Related to PC Formation and NPHP3 Transcription 
	PC Formation Influences NPHP3 Expression and Cell Growth in SD Conditions 

	Discussion 
	Materials and Methods 
	Reagents 
	Plasmids and siRNAs 
	Cell Culture 
	Cytotoxicity Assay 
	Hypoxia Treatment 
	ROS Measurement 
	Detection of Primary Cilia 
	Transfection of Nucleic Acids 
	Gaussia Luciferase Assay for Promoter Activity 
	Chromatin Immunoprecipitation (ChIP) Assay 
	Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
	Real-Time Reverse Transcription (Q-PCR) Analysis 
	Western Blotting 
	Statistical Analysis 

	References

