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Cilia/flagella are evolutionarily conserved cellular organelles. In this study, we demonstrated that Dunal-
iella salina Peroxiredoxin 1 (DsPrdx1) localized to the flagella and basal bodies, and was involved in fla-
gellar disassembly. The link between DsPrdx1 and flagella of Dunaliella salina (D. salina) encouraged us to
explore the function of its human homologue, Homo sapiens Peroxiredoxin 1 (HsPrdx1) in development
and physiology. Our results showed that HsPrdx1 was overexpressed, and cilia were lost in esophageal
squamous cell carcinoma (ESCC) cells compared with the non-cancerous esophageal epithelial cells
Het-1A. Furthermore, when HsPrdx1 was knocked down by short hairpin RNA (shRNA) lentivirus in ESCC
cells, the phenotype of cilia lost can be reversed, and the expression levels of tumor suppressor genes
LKB1 and p-AMPK were increased, and the activity of the oncogene Aurora A was inhibited compared
with those in cells transfected with scrambe-shRNA lentivirus. These findings firstly showed that Prdx1
is involved in disassembly of flagella and cilia, and suggested that the abnormal expression of the cilia-
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related gene including Prdx1 may affect both ciliogenesis and cancernogenesis.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Cilia (also known as flagella) are microtubule-based signaling
platforms that protrude as filiform organelles from the surface of
cells, and are highly conserved in organisms ranging from Chla-
mydomonas reinhardtii (C. reinhardtii), Drosophila melanogaster,
Caenorhabditis elegans and to all vertebrates so far examined [1].
Formerly, the cilia have been viewed as an evolutionary vestige
in vertebrates. But, recent studies revealed that the cilia are sen-
sory organelles, which act as machinery and chemical receptors
[2-3]. Additional evidences showed that the cilia play important
roles in several crucial signaling pathways of cancernogenesis, tis-
sue development and cell homeostasis, such as, PDGFoo, Hedge-
hog, Wnt and mTOR [4-7]. Furthermore, it has been indicated
that cilia are predominantly lost or disassembly in cancers includ-
ing renal cell, breast, glioblastoma cells and pancreatic cancers in
comparison with their normal cellular counterparts [8-11]. Until
now, evidence has not been reported on whether the cilia are lost
in esophageal squamous cell carcinoma (ESCC) cells.

Previous studies on Chlamydomonas and Dunaliella have begun
to dissect the process of flagellar disassembly or assembly [12-
15], i.e., identified that C. reinhardtii Aurora-like kinase (CALK)
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was an essential factor for flagellar disassembly [16], End-binding
protein 1 (EB1) localized to flagellar tip and basal bodies of C. rein-
hardtii [17] and was required for cilia assembly in fibroblasts [18],
and S-adenosylhomocysteine hydrolase (SAHH) accelerated flagel-
lar regeneration of D. salina [19]. Additional investigations also
showed that Liver kinase B 1 (LKB1) and its target AMP-activated
protein kinase (AMPK) localize to the cilium or basal body of epi-
thelial cells [20], and it negatively regulates HEF1-Aurora A-HDAC6
signaling pathway [21,22], which contributes to ciliary disassem-
bly in hTERT-RPE1 cells [23].

Peroxiredoxin 1 (Prdx1) is an ubiquitously expressed protein for
scavenging reactive oxygen species (ROS) in cells, and overexpres-
sed in many cancers [24-28], but its biology functions in cancers
remain enigmatic. In this study, we found that D. salina Peroxire-
doxin 1 (DsPrdx1) localized to the flagella and basal bodies, and
was involved in flagellar disassembly in D. salina. The link between
DsPrdx1 and flagella of D. salina encouraged us to explore the func-
tion of Homo sapiens Peroxiredoxin 1 (HsPrdx1) in development
and physiology. The results showed that HsPrdx1 was overexpres-
sed and the cilia were lost in ESCC cells compared with the non-
cancerous esophageal epithelial cells Het-1A cells. The ciliogenesis
and the expression levels of LKB1 and p-AMPK were increased,
while the activity of Aurora A was inhibited in HsPrdx1-knock-
down ESCC cells. These findings suggest that Prdx1 may play
important roles in disassembly of cilia, and this study establishes
a link between ciliary disassembly mediated by cilia-related genes
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and cancernogenesis, which is likely to provide not only new sights
into the molecular mechanism of cancernogenesis but also poten-
tial therapeutic or diagnostic targets for cancer patients.

2. Materials and methods
2.1. Cell line and cell cultures

ESCC cell lines Eca109 and EC9706 were purchased from the
State Key Laboratory of Molecular Oncology, Chinese Academy of
Medical Sciences. The control cell was non-cancerous esophageal
epithelial cell Het-1A, which immortalized by transfection with
plasmid pRSV-T containing the RSV-LTR promotor and SV40 T-
antigen [29] was kindly provided by Professor Zhenyu Ji (Henan
Academy of Medical and Pharmaceutical Sciences, Zhengzhou Uni-
versity, Henan, PR China). Each of the cell lines was cultured in
RPMI 1640 medium (Gibco-BR2, USA) supplemented with 10% fetal
bovine serum (HyClone Laboratories, USA), at 37 °C in the presence
of 5% CO,.

2.2. Antibody preparation and Western blotting of D. salina

The DsPrdx1 cDNA fragment (GenBank accession number
KC999111) was subcloned into the prokaryotic protein expression
vector pET28a (+), and expressed in competent cells of Escherichia
coli (E. coli) BL21 to produce fusion DsPrdx1 proteins. Transfor-
mants were cultured in Luria-Bertani medium for 3 h, and then
isopropyl B-d-1-thiogalactopyranoside (IPTG) at a final concentra-
tion of 1 mM was added to induce the expression of the fusion pro-
teins. The inclusion bodies were purified using Ni-IDA Sefinose Kit
(BBI, Canada), and the anti-DsPrdx1 polyclonal antibodies were
prepared in rabbit using purified recombinant fusion proteins. In
Western blotting, protein samples were subjected to 12% SDS-
PAGE gels and transferred to PVDF membranes (Millipore, USA),
which were blocked in 5% skimmed milk in TBST buffer, and then
incubated with the anti-DsPrdx1 polyclonal antibody (1:2000), and
the horseradish-peroxidase labeled secondary antibodies (1:3000,
Sangon Biotech, China). Finally, the bands of specific proteins on
the membranes were detected by Enhanced Chemiluminescence
Kit (Santa Cruz, USA).

2.3. Protein extraction and treatment of D. salina cells

The D. salina cells were treated with 3-isobutyl-1-methylxan-
thine (IBMX, Sigma Aldrich, USA) at a final concentration of
1 mM to induce flagellar disassembly [30,31]. Flagella were de-
tached from D. salina cell bodies by pH shock method, and purified
by sucrose density gradient centrifugation as described previously
[13]. Total proteins were extracted from cells of D. salina at partic-
ular times during IBMX treated, and the DsPrdx1 protein in cell
bodies (CP) and flagella (FL) was examined by Western blotting.

2.4. Examination of DsPrdx1 localization

The D. salina cells were collected and fixed by 2% glutaraldehyde
in the centrifuge tube, and then they were washed with PBS at room
temperature (RT). The cells were smeared on the slides and
air-dried, and the slides were treated with 0.5% Nonidet P 40
(NP-40) for 5 min and washed by water and ice-Acetone three times
with every time for 5 min. Subsequently, the slides were incubated
with anti-DsPrdx1 antibody of 1:200 diluted with antibody diluent
at 37 °C for 2 h. The slides were rinsed with PBS and incubated with
FITC-conjugated goat anti-rabbit IgG (1:100, Sangon Biotech, China)
at 37 °C for 1 h. Stained cells were viewed under confocal laser
scanning biological microscope (LEICA, TCS-SP2).

2.5. Lentiviral production and transduction

Small interfering RNA (siRNA) targeting HsPrdx1 (GenBank
accession number: NM_181696) sequence (TGTCTGACTACAAAG-
GAAA) and a scrambe sequence (TTCTCCGAACGTGTCACGT) were
transformed into short hairpin RNA (shRNA) (stem-loop-stem
structure) and were cloned into GV112-Lentivirus vectors with
Age I/EcoR 1 sites, respectively. All the recombinant lentiviral parti-
cle and transduction were prepared as described previously [32]. A
final concentration of 5 pg/mL Polybrene and 10 pL of concen-
trated packaged lentiviral particle were added to the cells, allowed
to incubate for 12 h, and then the medium was changed for fresh
growth medium and the cultures were collected for experiments
at 72 h after transfection.

2.6. Detection of cilia by immunofluorescence in ESCC cells

To induce visible cilia, the cells were grown to 80% confluence
in 24-well plate, and then replaced for fresh medium without ser-
um for 24 h. The cells were fixed with 4% paraformaldehyde for
30 min, and incubated with 200 pL glycine (2 mg/mL) for 5 min.
The cells were permeabilized with 0.5% Triton-X 100 in PBS, and
then blocked in blocking solution (5% goat serum and 0.5%
Triton-X 100 in PBS) for 1 h. The cells were incubated with the
monoclonal antibody Acetyl-o-Tubulin (1:500, Cell Signaling
Technology) for 2 h. After cells were washed with PBS three times,
followed incubated with secondary antibody Goat Anti-Rabbit IgG/
FITC (1:500, Sangon Biotech, China). Nuclei were stained by Hoe-
chst 33342 at RT for 30 min in the dark. Stained cells were viewed
under inverted immunofluorescence microscope (OLYMPUS I,
X71). Quantitation was performed on at least three independent
experiments, counting about 100-200 cells per sample each time.

2.7. Western blotting of ESCC cells

Protein concentrations were determined using Bradford protein
assay kit (Sangon Biotech, China) as a standard. Typically, 10-15 pg
of proteins were subjected to each lane. Each of the antibodies sera
against HsPrdx1 (Cell Signaling Technology, USA), LKB1 (Cell Sig-
naling Technology, USA), phospho-AMPKa™"72 (Cell Signaling
Technology, USA), phospho-Aurora A™?8% (Cell Signaling Technol-
ogy, USA) and GAPDH (Cell Signaling Technology, USA) were used
at 1:1000, and the horseradish-peroxidase labeled secondary anti-
bodies (Sangon Biotech, China) at 1:3000. Finally, the bands of spe-
cific proteins on the PVDF membranes were detected by Enhanced
Chemiluminescence Kit (Santa Cruz, USA).

2.8. Statistical analysis

All experiments were repeated at least three separate experi-
ments, and the data were performed using SPSS version 17.0 (SPSS,
Chicago, USA). Results were expressed as means * standard devia-
tions. In all statistical analyses, a P value <0.05 was considered sta-
tistically significant and was two-sided.

3. Results
3.1. Function and localization of DsPrdx1

Polyclonal antibodies of DsPrdx1 were prepared against the
purified prokaryotic expressed protein and used in Western blot-
ting and immunolocalization experiments. As shown in Fig. 1B,
DsPrdx1 antibodies specifically recognized a single band of the
predicted molecular weight of DsPrdx1 at ~22kDa, and the
Western blotting result also showed that DsPrdx1 existed in the
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Fig. 1. Alignment analysis, localization and the function of DsPrdx1. (A) Amino acid sequence alignment was made by DNAMAN between the deduced DsPrdx1 and Homo
sapiens Prdx1. Identical and similar amino acid residues were dark shaded and shown in the line of consensus. (B) The existence of DsPrdx1 in the flagella of D. salina. Cell
proteins (CP) and flagella proteins (FL) were extracted from D. salina cells of the same batch, subjected to SDS-PAGE gels and detected with anti-DsPrdx1 antibody,
respectively. (C) Cellular localization of DsPrdx1 by indirect immunofluorescence. The bright-field micrograph (BF) indicated the position of flagella and the merged image
showed that the DsPrdx1 was localized to flagella and basal bodies of D. salina cell. (D) Western blotting of DsPrdx1 during flagellar disassembly. The amount of proteins in
each assay was indicated by the coomassie brilliant blue-stained SDS-PAGE gels for loading control. (E) Semi-quantitated values of Western blotting experiments were
statistically analyzed. *P < 0.05, compared to those of D. salina cells which treated with IBMX 0 min.

isolated D. salina flagella. Furthermore, DsPrdx1 was observed to be
localized in the flagella and basal bodies of D. salina (Fig. 1C) by
immunolocalization, suggesting that it may be related to flagellar
assembly or disassembly. In the present study, the expression lev-
els of DsPrdx1 during flagellar disassembly were respectively
examined by Western blotting (Fig. 1D), and the results showed
that the expression level of DsPrdx1 was increased obviously at
30 min (Fig. 1E) after flagella disassembly which further demon-
strated that DsPrdx1 may be involved in flagellar disassembly.

3.2. Cilia are lost in ESCC cells

Homologous analysis revealed that the putative protein
DsPrdx1 shared high identities with the Prdx1 from H. sapiens

(65%) (Fig. 1A). Thus we want to know whether the protein of
HsPrdx1 plays a similar function in human cilia as DsPrdx1 does
in D. salina flagellar disassembly. The protein expression levels of
HsPrdx1 were firstly examined by Western blotting in esophageal
cells (Fig. 2A), and the results demonstrated that HsPrdx1 was in-
creased to ~2.12-fold (P<0.001) and ~1.72-fold (P<0.001) in
EC9706 and Ecal09 cells compared with that in Het-1A cells,
respectively (Fig. 2B).

After serum starved for 24 h, the primary cilia of esophageal
cells were examined using immunofluorescence with antibodies
against acetylated o-tubulin (red), a cilia/flagellar marker [33],
and counterstained with Hoechst 33342 (blue) (Fig. 2c-e). As
shown in Fig. 2f, primary cilia were observed at a lower frequency
in Ecal09 (14.27%, n=496) and EC9706 (12.52%, n=576) cells
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Fig. 2. HsPrdx1 expression and quantitative analysis of ciliated cells of ESCC cells. (A) The expression level of HsPrdx1 protein in EC9706, Eca109 and Het-1A cells was
examined by Western blotting. (B) Semi-quantitated values of Western blotting experiments were statistically analyzed. *P < 0.05, compared to those of Het-1A cells. (C-E)
Cilia were visualized in Het-1A, EC9706 and Eca109 cells with antibodies specific for acetylated a-tubulin (red) and indicated with white arrows. Nuclei were stained by
Hoechst 33342 (blue). Scale Bars: 100 um. (F) Quantitative analysis of ciliated cells of ESCC cells and Het-1A cell. *P<0.05, compared to those of Het-1A cells. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

compared with that in Het-1A cells (39.95%, n = 431) (P < 0.05). Ta-
ken together with the discoveries above that HsPrdx1 overexpres-
sed in ESCC cells while primary cilia lost in ESCC cells, we
conjecture that there may be a relationship between HsPrdx1 over-
expression and ciliary loss.

3.3. Ciliogenesis is restored in HsPrdx1-suppressing ESCC cells

To test for a direct relationship between HsPrdx1 and cilia, we
observed the cilia changes in ESCC cells when the expression of
HsPrdx1 was inhibited by transfecting HsPrdx1-shRNA lentivirus.
The Western blotting results showed that the protein levels of
HsPrdx1 were reduced to ~2.52-fold and ~1.43-fold in HsPrdx1-
suppressing cells of EC9706 and Eca109 compared with scram-
ble-shRNA cells, respectively (Fig. 4b and d). Consequently,
24.73% (n = 454) of the EC9706 cells were ciliated after transfecting

with HsPrdx1-shRNA lentivirus, but only 11.11% (n =580) of the
control cells were ciliated (P < 0.05), similarly, 25.67% (n = 447) of
the Eca109 cells were ciliated after HsPrdx1 inhibition, but only
11.32% (n=578) of the control cells were ciliated (P<0.05)
(Fig. 3e). These results suggest that ciliogenesis is able to be re-
stored in HsPrdx1-suppressing ESCC cells, and these results pro-
vide the evidence that the lost of primary cilia in ESCC cells is
directly or indirectly mediated by the overexpression of HsPrdx1
in ESCC cells.

3.4. The activity of LKBJAMPK and Aurora A were regulated by
inhibition of HsPrdx1 in ESCC cells

To test whether HsPrdx1 inhibited the ciliogenesis by regulat-
ing LKB1-Aurora A pathway, we examined the expression changes
of LKB1, p-AMPK and p-Aurora A using Western blotting in
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Fig. 3. Ciliogenesis was restored in HsPrdx1-suppressing ESCC cells. (A-D) Cilia were visualized in HsPrdx1-suppressing EC9706 and Eca109 cells and their control cells with
antibodies specific for acetylated a-tubulin (red) and indicated with white arrows. Nuclei were stained by Hoechst 33342 (blue). Scale Bars: 100 pm. (E) Quantitative analysis
of ciliated cells of HsPrdx1-suppressing EC9706 and Eca109 cells. *P < 0.05, compared to those of control cells. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

HsPrdx1-suppressing ESCC cells (Fig. 4a and c). The protein levels
of LKB1 were increased to ~1.12-fold and 2.01-fold in EC9706
HsPrdx1-suppressing cells and Eca109 HsPrdx1-shRNA cells com-
pared with their control cells (P < 0.05), respectively (Fig. 4b and
d). And the protein levels of p-AMPK were increased to ~1.13-fold
and ~4.22-fold in EC9706 and Eca109 HsPrdx1-shRNA cells com-

pared with their control cells (P < 0.05), respectively (Fig. 4b and
d). Furthermore, the expression level of p-Aurora A were decreased
to ~1.79-fold and ~1.36-fold in EC9706 and Ecal109 HsPrdx1-
shRNA cells compared with their control cells (P < 0.05), respec-
tively (Fig. 4b and d). These results indicate that ciliary disassem-
bly related signaling pathway LKB1-Aurora A can be regulated by
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Fig. 4. LKB1-AMPK-Aurora A pathway was inhibited in HsPrdx1-suppressing ESCC cells. (A and C) The expression levels of HsPrdx1, LKB1, p-AMPK and p-Aurora A proteins
were examined by Western blotting in HsPrdx1-suppressing EC9706 and Eca109 cells, respectively. (B and D) Semi-quantitated values of Western blotting experiments (A

and C) were statistically analyzed, respectively. *P < 0.05, compared to control cells.

HsPrdx1 inhibition, and further confirmed that HsPrdx1 is involved
in ciliary disassembly.

4. Discussion

Cilia/flagella are evolutionarily conserved microtubule-based
organelles and emanate from the apical membrane of cells. Over
the past decade, the relationship between primary cilia and human
diseases has been revealed gradually. Several cancernogenesis cru-
cial signaling pathways for hedgehog, Wnt and mTOR associate
with the cilia, thus we are attracted by the relationship between
ciliary loss or disassembly and cancernogenesis. Loss of cilia is fre-
quently observed in human disorders including cancers and poly-
cystic kidney disease. In this study, firstly, we demonstrates that
DsPrdx1 existed in D. salina flagella by both Western blotting and
immunofluorescence results, and the protein level of DsPrdx1 in-
creased obviously during the flagella disassembly and reached to
the maximum at 30 min, suggesting that DsPrdx1 is involved in fla-
gellar disassembly. As a connection, the DsPrdx1 protein shared
high identities with the HsPrdx1, thus it is reasonable to examine
the relationship between the expression level of human HsPrdx1 in
ESCC cells and cilia disassembly. As we predicted that HsPrdx1 is
overexpressed, and the cilia are lost in ESCC cells compared with
the control Het-1A cells, and ciliogenesis is restored in HsPrdx1-
suppressing ESCC cells, indicating that HsPrdx1 may be implicated
in cilia loss in esophageal cancer.

Recent studies revealed that LKB1 may be an regulator of ciliary
disassembly through control of HEF1-Aurora A-HDAC6 signaling
pathway [22], and additional evidences further demonstrated that
primary cilia control mTOR pathway and cell size through LKB1/

AMPK [20]. Here, our results showed that expression level of
LKB1 and p-AMPK was increased, and p-Aurora was decreased in
HsPrdx1-suppressing ESCC cells, suggesting that HsPrdx1 medi-
ated ciliogenesis may be through LKB1/AMPK-Aurora A.

As we known, LKB1 is a tumor suppressor, and Aurora A is an
oncogene in cancers. In the present study, the expression level of
LKB1 is increased, and the activity of Aurora A is decreased in
HsPrdx1-suppressing cells, suggesting that inhibition of HsPrdx1
may be contributed to cancer therapy. Indeed, previous study con-
firmed that inhibition of HsPrdx1 induced cell apoptosis in cancers
[34]. In addition, recent reports indicated that inhibition or deple-
tion of CCRK, HEF1, Aurora A or HDAC6 could restore ciliogenesis,
and decrease the cell proliferation of cancer cells [35-37]. Thus,
restoration of ciliogenesis by inhibiting of ciliary disassembly re-
lated genes in cancer cells may become a novel, promising thera-
peutic strategy for cancers in the future.

Acknowledgments

This study was supported by the Grants from International Sci-
ence and Technology Cooperation Program of the Ministry of Sci-
ence and Technology of PR China (No. 2007DFA01240), the
National Natural Science Foundation of China (No. 30700014).

References

[1] O.V. Plotnikova, E.N. Pugacheva, E.A. Golemis, Primary cilia and the cell cycle,
Methods Cell Biol. 94 (2009) 137-160.

[2] N.F. Berbari, A.K. O’Connor, CJ. Haycraft, B.K. Yoder, The primary cilium as a
complex signaling center, Curr. Biol. 19 (2009) R526-R535.


http://refhub.elsevier.com/S0006-291X(14)00105-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0005
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0010
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0010

426 F. Gong et al./Biochemical and Biophysical Research Communications 444 (2014) 420-426

[3] A.D. Egorova, K. van der Heiden, R.E. Poelmann, B.P. Hierck, Primary cilia as
biomechanical sensors in regulating endothelial function, Differentiation 83
(2012) S56-S61.

[4] L. Schneider, C.A. Clement, S.C. Teilmann, GJ. Pazour, E.K. Hoffmann, P. Satir,
S.T. Christensen, PDGFRaa signaling is regulated through the primary cilium in
fibroblasts, Curr. Biol. 15 (2005) 1861-1866.

[5] C.W. Wilson, D.Y. Stainier, Vertebrate Hedgehog signaling: cilia rule, BMC Biol.
8 (2010) 102.

[6] RJ. McMurray, A.K. Wann, C.L. Thompson, J.T. Connelly, M.M. Knight, Surface
topography regulates wnt signaling through control of primary cilia structure
in mesenchymal stem cells, Sci. Rep. 3 (2013) 3545.

[7] M. Cardenas-Rodriguez, F. Irigoin, D.P. Osborn, C. Gascue, N. Katsanis, P.L.

Beales, J.L. Badano, The Bardet-Biedl syndrome-related protein CCDC28B

modulates mTORC2 function and interacts with SIN1 to control cilia length

independently of the mTOR complex, Hum. Mol. Genet. 22 (2013) 4031-4042.

S.G. Basten, S. Willekers, J.S. Vermaat, G.G. Slaats, E.E. Voest, P.J. van Diest, R.H.

Giles, Reduced cilia frequencies in human renal cell carcinomas versus

neighboring parenchymal tissue, Cilia 2 (2013) 2.

K. Yuan, N. Frolova, Y. Xie, D. Wang, L. Cook, Y.J. Kwon, A.D. Steg, R. Serra, A.R.

Frost, Primary cilia are decreased in breast cancer: analysis of a collection of

human breast cancer cell lines and tissues, ]. Histochem. Cytochem. 58 (2010)

857-870.

[10] JJ. Moser, MJJ. Fritzler, ].B. Rattner, Primary ciliogenesis defects are associated
with human astrocytoma/glioblastoma cells, BMC Cancer 9 (2009) 448.

[11] N.B. Hassounah, R. Nagle, K. Saboda, D.]. Roe, B.L. Dalkin, KM. McDermott,
Primary cilia are lost in preinvasive and invasive prostate cancer, PLoS One 7
(2013) e68521.

[12] J. Pan, B. Naumann-Busch, L. Wang, M. Specht, M. Scholz, K. Trompelt, M.
Hippler, Protein phosphorylation is a key event of flagellar disassembly
revealed by analysis of flagellar phosphoproteins during flagellar shortening in
Chlamydomonas, ]. Proteome Res. 8 (2011) 3830-3839.

[13] K. Huang, D.R. Diener, ].L. Rosenbaum, The ubiquitin conjugation system is
involved in the disassembly of cilia and flagella, J. Cell Biol. 4 (2009) 601-613.

[14] J. Schoppmeier, K.F. Lechtreck, Localization of p210-related proteins in green
flagellates and analysis of flagellar assembly in the green alga Dunaliella
bioculata with monoclonal anti-p210, Protoplasma 220 (2002) 29-38.

[15] Y. Jia, L. Xue, J. Li, H. Liu, Isolation and proteomic analysis of the halotolerant
alga Dunaliella salina flagella using shotgun strategy, Mol. Biol. Rep. 37 (2010)
711-716.

[16] J. Pan, Q. Wang, W,. Snell, An aurora kinase is essential for flagellar
disassembly in Chlamydomonas, Dev. Cell 6 (2004) 445-451.

[17] L.B. Pedersen, M.S. Miller, S. Geimer, J.M. Leitch, J.L. Rosenbaum, D.G. Cole,
Chlamydomonas IFT172 is encoded by FLA11, interacts with CrEB1, and
regulates IFT at the flagellar tip, Curr. Biol. 3 (2005) 262-266.

[18] J.M. Schreder, L. Schneider, S.T. Christensen, L.B. Pedersen, EB1 is required for
primary cilia assembly in fibroblasts, Curr. Biol. 13 (2007) 1134-1139.

[19] Q. Li, L. Zhu, Y. Yan, D. Chai, J. Li, L. Xue, S-adenosyl homocysteine hydrolase
(SAHH) accelerates flagellar regeneration in Dunaliella salina, Curr. Microbiol. 2
(2013) 249-254.

[20] C. Boehlke, F. Kotsis, V. Patel, S. Braeg, H. Voelker, S. Bredt, T. Beyer, H. Janusch,
C. Hamann, M. Godel, K. Miiller, M. Herbst, M. Hornung, M. Doerken, M.
Koéttgen, R. Nitschke, P. Igarashi, G. Walz, EW. Kuehn, Primary cilia regulate
mTORC1 activity and cell size through Lkb1, Nat. Cell Biol. 11 (2010) 1115-
1122.

[21] H. Ji, M.R. Ramsey, D.N. Hayes, C. Fan, K. McNamara, P. Kozlowski, C. Torrice,
M.C. Wu, T. Shimamura, S.A. Perera, M.C. Liang, D. Cai, G.N. Naumov, L. Bao,

(8

[9

C.M. Contreras, D. Li, L. Chen, ]. Krishnamurthy, J. Koivunen, L.R. Chirieac, R.F.
Padera, R.T. Bronson, N.I. Lindeman, D.C. Christiani, X. Lin, G.I. Shapiro, P.A.
Janne, B.E. Johnson, M. Meyerson, D.J. Kwiatkowski, D.H. Castrillon, N.
Bardeesy, N.E. Sharpless, KK. Wong, LKB1 modulates lung cancer
differentiation and metastasis, Nature 7155 (2007) 807-810.

[22] O.V. Plotnikova, E.A. Golemis, E.N. Pugacheva, Cell cycle-dependent
ciliogenesis and cancer, Cancer Res. 7 (2008) 2058-2061.

[23] E.N. Pugacheva, S.A. Jablonski, T.R. Hartman, E.P. Henske, E.A. Golemis, HEF1-
dependent Aurora A activation induces disassembly of the primary cilium, Cell
7 (2007) 1351-1363.

[24] J.H. Rho, S. Qin, ].Y. Wang, M.H. Roehrl, Proteomic expression analysis of
surgical human colorectal cancer tissues: up-regulation of PSB7, PRDX1, and
SRP9 and hypoxic adaptation in cancer, ]. Proteome Res. 7 (2008) 2959-2972.

[25] J.H. Kim, P.N. Bogner, S.H. Baek, N. Ramnath, P. Liang, H.R. Kim, C. Andrews,
Y.M. Park, Up-regulation of peroxiredoxin 1 in lung cancer and its implication
as a prognostic and therapeutic target, Clin. Cancer Res. 8 (2008) 2326-2333.

[26] E.R. Hoskins, B.L. Hood, M. Sun, T.C. Krivak, R.P. Edwards, T.P. Conrads,
Proteomic analysis of ovarian cancer proximal fluids: validation of elevated
peroxiredoxin 1 in patient peripheral circulation, PLoS One 9 (2011) e25056.

[27] P. Aguilar-Melero, M,J. Prieto-Alamo, J. Jurado, A. Holmgren, C. Pueyo,
Proteomics in HepG2 hepatocarcinoma cells with stably silenced expression
of PRDX1, J. Proteomics 79 (2013) 161-171.

[28] J. Zhang, K. Wang, J. Zhang, S.S. Liu, L. Dai, J.Y. Zhang, Using proteomic
approach to identify tumor-associated proteins as biomarkers in human
esophageal squamous cell carcinoma, J. Proteome Res. 6 (2011) 2863-2872.

[29] Z. Ji, G. Yang, S. Shahzidi, K. Tkacz-Stachowska, Z. Suo, ].M. Nesland, Q. Peng,
Induction of hypoxia-inducible factor-lalpha overexpression by cobalt
chloride enhances cellular resistance to photodynamic therapy, Cancer Lett.
244 (2006) 182-189.

[30] K.L. Chamberlain, S.H. Miller, L.R. Keller, Gene expression profiling of flagellar
disassembly in Chlamydomonas reinhardtii, Genetics 179 (2008) 7-19.

[31] K. Shi, ]. Li, K. Han, H. Jiang, L. Xue, The degradation of kinesin-like calmodulin
binding protein of D. salina (DsKCBP) is mediated by the ubiquitin-proteasome
system, Mol. Biol. Rep. 40 (2013) 3113-3121.

[32] Y. Lin, S. Peng, H. Yu, H. Teng, M. Cui, RNAi-mediated downregulation of NOB1
suppresses the growth and colony-formation ability of human ovarian cancer
cells, Med. Oncol. 29 (2012) 311-317.

[33] PJ. Ocbina, ].T. Eggenschwiler, 1. Moskowitz, K.V. Anderson, Complex
interactions between genes controlling trafficking in primary cilia, Nat.
Genet. 43 (2011) 547-553.

[34] L.M. Dittmann, A. Danner, . Gronych, M. Wolter, K. Stiihler, M. Grzendowski,
N. Becker, J. Bageritz, V. Goidts, G. Toedt, ]. Felsberg, M.C. Sabel, S. Barbus, G.
Reifenberger, P. Lichter, B. Tews, Downregulation of PRDX1 by promoter
hypermethylation is frequent in 1p/19q-deleted oligodendroglial tumours and
increases radio- and chemosensitivity of Hs683 glioma cells in vitro, Oncogene
31 (2012) 3409-3418.

[35] J. Xu, H. Li, B. Wang, Y. Xu, J. Yang, X. Zhang, S.K. Harten, D. Shukla, P.H.
Maxwell, D. Pei, M.A. Esteban, VHL inactivation induces HEF1 and Aurora
kinase A, J. Am. Soc. Nephrol. 21 (2010) 2041-2046.

[36] Y. Yang, N. Roine, T.P. Mdkeld, CCRK depletion inhibits glioblastoma cell
proliferation in a cilium-dependent manner, EMBO Rep. 8 (2013) 741-747.

[37] S.A. Gradilone, B.N. Radtke, P.S. Bogert, B.Q. Huang, G.B. Gajdos, N.F. LaRusso,
HDACG6 inhibition restores ciliary expression and decreases tumor growth,
Cancer Res. 7 (2013) 2259-2270.


http://refhub.elsevier.com/S0006-291X(14)00105-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0015
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0020
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0025
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0030
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0035
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0040
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0190
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0190
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0190
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0190
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0050
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0055
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0060
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0065
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0070
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0075
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0080
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0085
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0090
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0095
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0100
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0105
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0110
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0115
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0120
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0125
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0130
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0135
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0140
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0145
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0150
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0150
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0155
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0155
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0155
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0160
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0160
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0160
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0165
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0170
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0175
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0175
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0175
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0180
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0180
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0185
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0185
http://refhub.elsevier.com/S0006-291X(14)00105-3/h0185

	Peroxiredoxin 1 is involved in disassembly of flagella and cilia
	1 Introduction
	2 Materials and methods
	2.1 Cell line and cell cultures
	2.2 Antibody preparation and Western blotting of D. salina
	2.3 Protein extraction and treatment of D. salina cells
	2.4 Examination of DsPrdx1 localization
	2.5 Lentiviral production and transduction
	2.6 Detection of cilia by immunofluorescence in ESCC cells
	2.7 Western blotting of ESCC cells
	2.8 Statistical analysis

	3 Results
	3.1 Function and localization of DsPrdx1
	3.2 Cilia are lost in ESCC cells
	3.3 Ciliogenesis is restored in HsPrdx1-suppressing ESCC cells
	3.4 The activity of LKB/AMPK and Aurora A were regulated by inhibition of HsPrdx1 in ESCC cells

	4 Discussion
	Acknowledgments
	References


