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ABSTRACT 

The role of human PinX1 in TRF1-mediated telomere protection 

 

 

Jeong Eun Yoo 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Young Nyun Park) 

 

Telomere maintenance is essential for chromosome stability. TRF1, a 

telomere binding protein, has a critical role in telomere protection. PinX1, 

identified as a TRF1 interacting protein, inhibits telomerase activity and 

affects tumorigenicity. However, little is known about the roles of the 

PinX1 on TRF1 function. Here we report that PinX1 regulates nucleolar 

accumulation, telomeric association of TRF1 and TRF1 protein stability. 

In HeLa, HA-PinX1 was co-localized with fibrillarin, a nucleolar protein, 

in 51% of the transfected cells and also resided in the nucleoplasm of the 

remaining 48%. Mutant analysis showed that the C-terminal region was 

important for nucleolar localization, while the N-terminus exhibited an 

inhibitory effect on nucleolar localization. Unlike HA- and Myc-PinX1, 

GFP-PinX1 resided predominantly in the nucleoli. Nuclear PinX1 bound 

to telomeres and other repeat sequences as well, but nucleolar PinX1 did 

not bind to telomeres, despite its interaction with TRF1. Nucleolar PinX1 

forced endogenous TRF1 accumulation in the nucleoli. Furthermore, 

TRF1 binding to telomeres was upregulated in cells overexpressing 
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PinX1.  

Depletion of PinX1 by siRNA resulted in rapid TRF1 degradation, 

enhanced TRF1 ubiquitination, less TRF1 binding to telomeres and 

increased telomere-dysfunction-induced foci (TIF). Overexpression of 

TRF1 compromised the reduction of TIF in PinX1-depleted cells, 

indicating that PinX1 plays a critical role in telomere protection by 

regulating TRF1 protein homeostasis. PinX1 also stabilized a mutant 

form of TRF1, a telomere-unbound form and exhibited the same extent of 

ability to the TRF1 stabilization in GCN5-depleted cells in which 

deubiquitination of TRF1 is inhibited, suggesting that PinX1 involves in 

TRF1 stability prior to ubquitin degradation pathway.  

In summary, PinX1 plays crucial roles in nucleolar accumulation of 

TRF1, TRF1 binding to telomere, TRF1 stability and telomere protection. 
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I. INTRODUCTION  

Telomeres located at the end of chromosomes and are specialized 

nucleoprotein complexes for telomeric maintenance and regulation
1-5

. 

Mammalian telomeres consist of TTAGGG repetitive duplex sequences 

that terminate in single stranded 3’ G-rich overhangs that can be 

sequestered into lariat-like structures termed the t-loop
6,7

. The 

telomeres stabilize the natural end of chromosomes, protect it from end 

to end fusion and mediate chromosome pairing during the cell division. 

Most human normal somatic cells show a progressive loss of telomeric 

DNA during successive rounds of cell division due to DNA end 

replication problems
8,9

. When telomere shortens to a critical point, it 

would trigger DNA-damage responses (DDRs) at the chromosomal 

ends and force normal cells into senescence. Telomerase suppressed in 

normal somatic cells is reactivated to counteract telomere shortening in 

nearly all human cancer cells
10-12

.  

Telomere-bound proteins, referred to as shelterin
3
, are involved in 

the regulation of telomere length. Sheltrin functions not only to protect 

telomeres from being recognized as double-strand breaks
5,13

, but also to 

control telomerase-dependent telomere extension through a 
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TRF1-mediated negative regulatory pathway
14,15

. A key regulator in 

shelterin complexes is the telomeric protein TRF1, which together with 

its interacting proteins, affects telomere length. TRF1 to binds double 

stranded telomeric DNA and loss of TRF1 in mice leads to embryonic 

lethality and telomere end fusion
16,17

 and retards the proliferation of 

murine embryonic stem cells. TRF1 modulates telomerase access to 

telomere ends. Overexpression of TRF1 causes telomere shortening 

and its inhibition leads to telomere elongation
14

. Recent genetic and 

molecular studies have revealed that telomere-TRF1 association is 

tightly regulated by a series of sequential posttranslational modification 

events. Dissociation of TRF1 from telomeres results in ubiquitination 

and degradation of TRF1 by the proteasome
18

. Ubiquitnation of TRF1 

is regulated by its telomere binding status; only the telomere unbound 

form of TRF1 is ubiquitinated. Tankyrase, nucleostemin, and casein 

kinase 2 (CK2), are known to be TRF1-interating proteins
19-23

. 

Tankyrase 1, a member of the poly (ADP-ribose) polymerase (PARP) 

family, ribosylates TRF1
18-20

. Nucleostemin promotes the degradation 

of TRF1 protein
21

. Pin1, a unique propyl isomerase, stabilzes TRF1 

protein and enhances TRF1 binding to telomeres
24

. TRF1 serves as a 

substrate for CK2
25

. CK2 induces the phosphorylation of TRF1 and 

increases the association of TRF1 onto telomere. Thus, sequential 

posttranslational modifications of TRF1, including phosphorylation by 

CK2, and poly (ADP-ribosyl)ation by tankyrases, play a pivotal roles 

in telomere length homeostasis
25-27

. 

Telomerase is a ribonucleoprotein composed of an RNA template 

(TR), a catalytic protein component, TERT, and associated proteins
14,15

. 

TR and TERT reconstitute telomerase activity in vitro
16

, but TERT is a 

limiting component
14,17,18

. In tumor cells, TERT is found in both the 

nucleoplasm and nucleolus
19-21

, and it has been shown that telomerase 



 

5 

 

is associated with nucleolar proteins such as nucleolin and SMN
13,22

. 

PinX1 was identified by two laboratories independently by using 

either a 2-hybrid system with TRF1 as a bait protein
23 

or allelic-loss 

mapping and positional cloning
26

. Unlike all other TRF1-interacting 

proteins, PinX1 has the unique property of directly interacting with the 

telomerase catalytic component, TERT, and potently suppressive 

telomerase catalytic activity
28

. The PinX1 gene has been cloned and 

characterized in human, yeast, rats and zebrafish, consisting of a 

glycine-rich domain (G-patch domain) at the N-terminal region that is 

highly conserved among species
23,29,30

. The G-patch domain is an RNA 

binding domain that is frequently found in RNA processing proteins. 

The yeast homolog of PinX1 is involved in rRNA processing and small 

nucleolar RNA maturation
30

, and yeast PinX1 is known to bind the 

telomerase catalytic protein Est2 and inhibits telomerase activity
28

. The 

C-terminal region of PinX1 is important for its interaction with 

telomerase
18,23

. Overexpression of PinX1 results in telomere shortening 

and the beginning of a crisis in human and mouse transformed cells
23,29

. 

PinX1 is a nucleolar and nuclear protein
31

. Overexpression of PinX1 

supresses telomerase activity, results in telomere shortening, and 

induces cell crisis
28,32

. Depletion of PinX1 increases tumorigenicity in 

nude mice
33

. PinX1 is an intrinsic telomerase inhibitor and putative 

tumor suppressor gene in human cells. Deletion of PinX1 causes 

embryonic lethality in mice and PinX1 heterozygous knock out causes 

most mice to develop a range of malignant tumors, displaying evidence 

of telomere elongation and chromosomal instability
33

. PinX1 is 

associated with TRF1 and MCRS2 proteins, both of which function as 

negative regulators of telomere length
23,34

. While the C-terminal region 

of PinX1 is responsible for TRF1 binding
23

, the significance of the 

interaction between PinX1 and TRF1 in telomere maintenance has not 
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been determined.   

In this study, it was investigated to understand the mechanism how 

PinX1 plays a role on telomere function. HA-PinX1 localized to both 

the nucleolus and nucleus, and the C-terminal region was important for 

nucleolar localization. Overexpression of PinX1 resulted in enhanced 

TRF1 binding to telomeres and increased TRF1 protein stability. 

Deletion of PinX1 resulted in release of TRF1 from telomere and led to 

subsequent degradation of TRF1 via the ubiquitin and proteasome 

pathway and telomere dysfunction. These results demonstrate that 

PinX1 plays a pivotal role in telomere protection through regulating 

TRF1 protein homeostasis. 
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II. MATERIALS AND METHODS 

 

1. Cell Culture 

HeLa and GM847 cells were cultured in Dulbecco’s modified Eagle’s 

medium (Gibco BRL, Grand Island, NY, USA). WI-38 VA-13 and 

HEK293T cells were cultured in RPMI 1640 medium (Gibco BRL). 

Media was supplemented with 10% fetal bovine serum (Gibco BRL), 10 

μg/mL streptomycin, and penicillin (Gibco BRL). GM847/Vector and 

GM847/hTERT cells established lentiviral infection were provided by Dr. 

Oh (Konkuk University, Seoul, Korea) GM847/Vector and 

GM847/hTERT cells were cultured Dulbecco’s modified Eagle’s medium 

(Gibco BRL) supplemented with 10% FBS and 1% gentamycin (Sigma, 

St. Louis, MO, USA) 

 

2. Plasmid Construction 

The PinX1 gene, encoding 328 amino acids, was amplified from the 

cDNA of normal human liver tissue using the primers 

5’-CATGTCTATGCTGGCTGAACG-3’ and 5’TGACTTCAGGCCAGA 

GGTGTCT-3’. The PCR product was cloned into pCRII-TOPO 

(Invitrogen, Carlsbad, CA, USA). The sequence of the cloned PinX1 was 

identical to previously reported sequences
26,35

. HA-tagged PinX1 was 

made by inserting a fragment of pCRII-PinX1 digested with Sal I and 

Kpn I into the same sites of plasmid pCMV-HA (Clonetech, Sparks, MD, 

USA). The plasmid of pCMV-HA-PinX1
1-204

 was made by amplifying 

hPinX1 using the primers 5’-TTCGGTCGAGCGGCCGCCAG-3’ and 

5’-CAGCATGCGGCCGCTACTCAGAAATGTCAGACCCTGG-3’, dig 

-esting the product with Not I and ligating the fragment into pCMV-HA 
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(Clontech). Plasmids of pCMV-HA-PinX1
150-328

 and 

pCMV-HA-PinX1
149-268

 were also made by amplifying PinX1 with 

primers 5’-CCGAATTCGGAAAAGACAGAGTAAGAAG-3’ and 5’-A 

AGCGGCCGCCTATTTGGAATCTTTCTTC-3’ for PinX1
150-328

, and 

primers 5’-CCGAATTCGGAAAAGACAGAGTAAGAAG-3’ and 5’-AA 

GCGGCCGCCTACTGGTCCCAGCAGGGGCC-3’ for PinX1
149-268

, 

digesting both PCR products with EcoR I and Not I and ligating the 

fragments into pCMV-HA (Clontech). Similarly, pCMV-HA-PinX1
205-328

 

was made by amplifying PinX1 with primers 5’-GATCAGAATTCGGAC 

GCAGGTGGAACGTAAAAG-3’ and 5’-GTCATCTCGAGTGACTTCA 

GGCCAGAG-3’, digesting the product with Xho I and EcoR I and 

ligating the fragment into pCMV-HA. HA-tagged PinX1
93-328

 was made 

by amplifying PinX1 with primers 5’-GGATCGGTCGACCACTTGCCA 

TGGGCAGGAA-3’ and 5’-TGGATCCCCGCGGCCGCG-3’, cloning the 

PCR product into pCRII-TOPO, and then a DNA fragment (PinX1
93-328

) 

of pCRII-PinX1
93-328

 digested with Sal I and Not I were inserted into the 

same sites of pCMV-HA. HA-PinX1
ΔGpatch

, HA-PinX1
Δ149-268

, 

HA-PinX1
Δ205-268

, and HA-PinX1
Δ149-204

 were made from 

pCMV-HA-PinX1 using the ExSite
TM

 PCR-based site-directed 

mutagenesis kit (Stratagene, La Jolla, CA, USA) with primers 

5’-ACCATCAATAATGAAGACAACTG-3’ and 5’-AAACTTGGAATC 

GTCATTACTCCAG-3’ for PinX1
ΔGpatch

, 5’-CCCAAAAATGCAGTCAA 

GATCTG and 5’-AGTTCCAAGGCCTCTGCTC-3’ for PinX1
Δ149-268

, 

5’-CTCAGAAATGTCAGACCCTG-3’ and 5’-AGTTCCAAGGCCTCT 

GCTC-3’ for PinX1
Δ205-268

, and 5’-CCCAAAAATGCAGTCAAGATCTG 

-3’  and 5’-ACGCAGGTGGAACGTAAAAGGGG-3’ for PinX1
Δ149-204

. 

GFP-fused PinX1 was made by amplifying PinX1 with primers5’-GCAG 

ATCTCGAGCTATGTCTATGCTGGCTGAACG-3’,5’-GCATCAGTCG

ACGGAAGGCCCCGGCTGGGAAG-3’, and cloning the PCR product 
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into pCRII-TOPO. A DNA fragment (PinX1) of pCRII-PinX1 digested 

with Sal I and Xho I was cloned into the same sites of pEGFP-C1 

(Clontech). Myc-fused PinX1 was made by subcloning 

restriction-digested pEGFP-PinX1 fragments into the same sites of 

pCMV-Myc (Clontech). Similarly, pCMV-Myc-PinX1
93-328

 and 

Myc-PinX1
205-328

 was made from pCMV-HA-PinX1
93-328 

and 

HA-PinX1
205-328

. PCR reactions were carried out using Top-Pfu™ DNA 

polymerase (Bio-online, Seoul, Korea), and ligation was performed with 

a DNA Ligation Kit (TaKaRa, Shiga, Japan). The sequences of all 

plasmid constructs were verified (Macrogen, Seoul, Korea). 

Ubiqutin C (UBC) construct was generated by PCR amplification of 

the UBC gene using the primers 5’- CCGAATTCAAATGCAGATCTTC 

GTGAAG-3’ and 5’-AAGCGGCGCCTACCACCCTGAGACGGAG-3’ 

and EcoR I and Not I sites are underlined. Amplified DNAs were gel 

purified, digested with EcoRⅠ and NotⅠ and ligated into the pCMV-HA.   

TRF1
T112A

 mutant was created using the site directed mutagenesis 

(Stratagene). PCR cycling condition used in site directed mutagenesis 

were 18 cycles of amplification of following reaction: denaturation at 

94°C for 30 sec, annealing at 55°C for 1 min, and extension at 68°C for 

10 min. Amplified mixture was treated Dpn I (Stratagene) at 37°C for 1hr 

and aliquot was transformed into competent E. coli cells. All constructs 

were confirmed by DNA sequencing. The following: primers were used 

for mutagenesis: TRF1
T122A

-F: 5’-CCAGTCTAACA CT GCCAGTTGAG 

AGCTATATACATATGTC-3’, TRF1
T122A

-R: 5’-GACATATGTATATAGC 

TCTCAACTGGCAAGCTGTTAGACTGG-3’ 

 

3. Transfection and Immunoblotting 

Cells were transfected using WelFect EX
TM

 PLUS Transfection 
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Reagent (WelGENE, Seoul, Korea) according to the manufacturer’s 

instructions. HeLa and WI-38 VA-13 cells at 50-60% confluency were 

transfected with 2 µg of DNA. Cells were lysed in RIPA buffer (150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM 

Tris-HCl, pH 8.0) and passive lysis buffer (Promega, San luis Obispo, 

CA, USA) containing a 1X protease inhibitor mixture (Roche, Mannheim, 

Germany). After separation on a 4-12% SDS-PAGE gel, proteins were 

transferred to a PVDF membrane via semi-dry transfer (Bio-Rad 

Laboratories, Hercules, CA, USA). The membrane was then incubated in 

blocking buffer made of 5% nonfat dried milk, 0.01% Tween 20 in Tris 

buffered saline (TBST) at room temperature for 1 hr, and probed with 

primary antibodies.  The following antibodies were used: 

HA-probe(Y-11) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

c-Myc (9E10) (Santa Cruz Biotechnology), TRF1 (Abcam, Cambridge, 

UK), PinX1 (Abnova, Taipei City, Taiwan), hTERT (Epitomics, 

Burlingame, CA, USA), β-actin (Cell Signalings, Danvers, MA, USA), 

Lamin B (Cell Signalings), γ-H2AX (Novus Biologicals, Littleton, CO, 

USA), and pT68-CHK2 (Cell Signalings). Western blot was detected 

using an ECL kit (Amersham Biosciences, Buckinghamshire, UK) 

according to the manufacturer’s protocol. 

 

4. Immunoprecipitation  

Cells were lysed in Passive lysis buffer (Thermo Scientific Inc., Union 

city, CA, USA) supplemented with protease inhibitor (Roche). After 

centrifugation, 1 mg of clarified cell lysate was precleared with protein 

G-agarose (Amersham Biosciences) by incubating for 1 hr. The 

supernatant was collected and 2 μg of antibody was added. After 

overnight incubation, 50 μL of a 50% slurry of protein G-agarose was 

added and the mixture was incubated for 6 hr. After a brief centrigugation, 
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the agarose beads were washed with ice-cold PBS containing protease 

inhibitor cocktail three times, suspended in SDS sample buffer, and 

boiled for 5 min 

. The immunoprecipitates were analyzed by Western blotting.   

 

5. Immunofluorescence Analysis  

Cells grown on glass slides were fixed with 4% paraformaldehyde in 

PBS(-) for 20 min. Permeabilization was carried out by immersing the 

slide glass in 0.2% Triton X-100 on ice for 30 min, and blocking was 

subsequently carried out using 2% bovine serum albumin (BSA) in PBS(-) 

for 1 hr. The cells were then incubated with primary antibodies, 

HA-probe (Y-11) rabbit polyclonal (1:200, Santa Cruz Biotechnology), 

c-Myc (9E10) mouse monoclonal (1:1,000, Santa Cruz Biotechnology), 

PinX goat polyclonal (1:100, Abcam) and fibrillarin antibody [38F3] as a 

nucleolar marker (1:500, Abcam) at room temperature for 1 hr. After 

washing three times with 2% BSA in PBS(-), the cells were treated with 

the fluorochrome-conjugated secondary antibodies Alexa Fluor
®
 

488F(ab’)2 fragment of goat anti-rabbit IgG (H+L)(1:500, Molecular 

Probes, Carlsbad, OR, USA), Alexa Fluor
®
 594 F(ab’)2 fragment of goat 

anti-mouse IgG (H+L)(1:500, Molecular Probes), and 

4’6-diamidino-2phenylindole (DAPI) (Sigma) at room temperature for 1 

hr. The cells were washed three times with PBS(-) and mounted with 

ProLong
®  

Gold antifade reagent (Molecular Probes). Immunofluorescent 

images were acquired using the LaserSharp2000
TM

 (Bio-Rad) operating 

software with the Radiance 2100
TM

 (Bio-Rad) laser scanning system.  

For endogeneous TRF1 and TRF2 detection, cells plated on cover 

slides were extracted in TritonX-100 buffer (0.5% Triton X-100, 20 mM 

HEPES-KOH (pH 7.4), 50 mM NaCl, 3 mM MgCl2 and 300 mM Sucrose) 

at room temperature for 10 min and fixed with 3% paraformaldehyde and 
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2% sucrose in PBS(-) at room temperature for 30 min
41, 42

. The cells were 

then washed three times with cold PBS(-), treated with Triton X-100 

buffer at room temperature for 15 min, and washed three times with cold 

PBS(-). The blocking of cells was performed for 1 hr in 2% BSA at room 

temperature and were incubated with TRF1 monoclonal antibody (1:300, 

Abcam), or TRF2 monoclonal antibody (1:300, Abcam), for an additional 

1 hr. Detection was performed as described above. 

 

6. Cell Cycle Arrest 

HeLa cells transiently expressing HA-PinX1 were seeded at a density 

of 2×10
5
 on a 6-well plate. The following day, thymidine (Sigma) was 

added to the media to a final concentration of 2 mM and the cells were 

incubated for 14 hr at 37°C. The plates were washed three times with 

PBS(-) and growth media was added. Following 11 hr at 37°C, 

aphidicolin (Sigma) was added to a final concentration of 1 μg/mL and 

the plates were incubated at 37°C for an additional 14 hr. The plates were 

then washed three times with PBS (-) and released into fresh medium for 

0 hr, 4 hr, or 8 hr. Cells were fixed in cold 70% ethanol and stained with 

propidium iodide (50 μg/mL). Synchronization of the cell cycle was 

verified by FACs analysis using a Becton-Dickinson FACSCAN 

(Becton-Dickinson, Lincoln Park, NJ, USA) equipped with CellQuest 

software (Becton-Dickinson).  

 

7. Chromatin Immunoprecipitation Assay and Telomere Slot Blotting  

Chromatin immunoprecipitation (ChIP) assays were performed as 

described in the protocol of the ChIP assay kit (Upstate, Charlottesville, 

VA, USA). The cells (2×10
7
) were harvested, washed with PBS(-), and 

fixed in 1% formaldehyde in PBS(-) at room temperature for 10 min. 

Cross-linking was terminated by incubating the cells with 125 mM 
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glycine for 5 min. The cells were washed twice with PBS(-), resuspended 

in SDS lysis buffer (1% SDS, 50 mM Tris-HCl, pH8.0, and 10 mM 

EDTA) containing 1X protease inhibitors. The resultant lysates were 

sonicated to obtain chromatin fragments <1 kb (input 20%, pulse 15 sec, 

interval 15 sec, 6 times) and centrifuged at 15,000 x g for 10 min at 4°C. 

Chromatin was diluted with 0.01% SDS, 1.1% Triton X-100, 1.2 mM 

EDTA, 167 mM  NaCl, 16.7 mM Tris-HCl, pH 8.1, containing 1X 

protease inhibitors, precleared with 1 μg normal mouse IgG, 50 μL of a 

50% slurry of protein G-Sepharose beads, blocked with 2% bovine serum 

albumin and 5 μg sheared Escherichia coli DNA for 1 hr at 4°C. 

Chromatin fragments were incubated with one of the following 

antibodies at 4°C overnight on a rotating platform: 6 μg of mouse 

monoclonal antibody to TRF1, 6 μg of mouse monoclonal antidody to 

RNA polymerase II (CTD4H8), 2 μg of mouse monoclonal antibody to 

GFP (BD Bioscience, Sparks, MD, USA) or 2 μg of rabbit polyclonal 

antibody to HA. Next, 60 μL of the 50% slurry was added and incubation 

was allowed to continue for an additional 1hr. The immunoprecipitated 

pellets were washed 5 times as described in the protocol: 0.1% SDS, 1% 

Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH8.0), and 150 mM NaCl 

(1
st
 wash); 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Trs-HCl 

(pH 8.0), and 500 mM NaCl (2
nd

 wash); 0.25 M LiCl, 1% NP-40, 1% 

sodium deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl (pH 8.0) (3
rd

 

wash); and 10 mM Tris-HCl (pH8.0) and 1 mM EDTA (4
th
 and 5

th
 

washes). Chromatin was eluted from the beads twice by incubation with 

100 μL of 1% SDS and 0.1 M NaHCO3 for 15 min at room temperature 

with rotation. After adding 8 μL of 5 M NaCl, cross-links were reversed 

by incubation for 5 hr at 65°C. Samples were then digested with 10 μg 

RNase A for 30 min at 37°C and supplemented with 8 μL of 1 M 

Tris-HCl (pH 6.5), 4 μL of 0.5 M EDTA, and 10 μg of proteinase K, and 
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were incubated for 1 hr at 45°C. Chromatin was purified using the 

column provided in the kit (Upstate). Purified samples were denatured at 

95°C for 5 min and slot-blotted onto Hybond N+ membranes (Amersham 

Biosciences). Eighty percent of the immunoprecipitate was loaded for the 

detection of telomeric sequences and 20% for d(CAC)8 sequences. 

Membranes were treated with denaturing buffer (1.5 M NaCl, 0.5 N 

NaOH) for 10 min followed by treatment with neutralization buffer (1 M 

NaCl, 0.5 M Tris-HCl, pH 7.0) for 10 min. Hybridization and detection 

was performed by DIG high prime DNA labeling and detection starter kit 

(Roche), respectively.  

 

8. Telomere FISH Combined with Immunostaining 

FISH was performed as described previously with minor modifications 

35, 36
. In brief, the cells grown on cover slips were transfected with 

plasmid DNAs. The following day, the cells were rinsed twice with cold 

PBS(-), extracted in TritonX-100 buffer at room temperature for 20 min 

and fixed with 4% formaldehyde (Sigma) in PBS(-) for 10 min at room 

temperature. After 2 washes with PBS(-), cells were permeabilized in 70% 

ethanol for 2 hr at 4°C. The cells were then rehydrated for 5 min at room 

temperature in 2x SSC and 50% formamide, denatured at 80°C for 5 min 

and hybridized for 2 hr at 37°C in 1 mM Tris-HCl, pH 7.2, 2.14 mM 

MgCl2, 0.77 mM Citric acid, 7 mM NaHPO4, 50% formamide deionized, 

0.5 μg telomere probe of peptide nucleic acid (Cy3-(TTAGGG)4; Applied 

Biosystems Inc., Forster City, CA, USA), and 5% blocking reagent 

(Roche). After hybridization, the cells were washed with 2x SSC and 50% 

formamide at room temperature for 30 min. Immunostaining was then 

performed for the detection of HA-PinX1. The cells were washed again 

with PBS(-) at room temperature twice for 10 min and incubated with the 

primary antibody HA-probe (Y-11) rabbit polyclonal, 1:200. After 



 

15 

 

washing the cells with PBS(-) 3 times at room temperature for 10 min, 

they were incubated with the fluorochrome-conjugated secondary 

antibody as described above. 

9. Protein Stability  

After 24-48 hr of transfection, cycloheximide (500 μg/mL, Sigma) was 

added to the medium to block synthesis of new proteins. Cells were 

collected at each time point and total lysates were subjected to 

immunoblotting. The blots were scanned (GS800, Bio-Rad) and the 

intensity of the bands was semi-quantified using the software, quantity 

one (Bio-Rad).  

 

10. Small interfering RNA transfection  

Double stranded for human PinX1 and TERT were purchased from 

Invitrogen (Invitrogen). siRNAs for control and GCN5 were purchased 

from Genolution (Genolution, Seoul, Korea). For the siRNA transfection, 

100 nM of siRNA was used with the transfection buffer supplied by the 

manufacturer (Polyplus, Illkirch, France).  

 

11. In vivo ubiquitination assay 

For in vivo ubiquitination assays, myc-tagged TRF1 and HA-tagged 

UBC were co-transfected with controli or PinX1i in HeLa cells,  and 

then the cells were treated with 1 mM MG-132 (Calbiochem, Darmstadt, 

Germany) for 8 hr to inhibit proteasome function. Lysates were subjected 

to immunoprecipitation with anti-myc antibody, followed by 

immunoblotting with anti-HA antibody to illuminate ubiqutin-modified 

TRF1. 

 

12. Analysis of anaphase bridge and multipolar mitosis 

Hematoxylin and eosin (H&E)-stained cells were examined under s 
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light microscope using 400X magnification for mitosis, multipolar 

mitosis and anaphase bridges. At least 100 high power field (HPFS) 

were reviewed. Metaphase and anaphase cells with chromosome 

showing three or more spindle poles were classified as multipolar 

mitosis. Anaphase bridging was defined as an anaphase event in which 

more than two-thirds of the distance between anaphase poles was 

spanned by the bridging chromosome.  
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III. RESULTS 

 

1. Subcellular Localization of PinX1  

To determine the subcellular localization of PinX1, a hemagglutinin 

(HA) tag was fused to the N-terminus of PinX1 to generate HA-PinX1, 

which was transiently transfected in HeLa cells and detected with an 

anti-HA antibody. More than 100 immunofluorescing cells were scored 

for subcellular localization. Subcellular distribution of HA-PinX1 was 

assessed by colocalization with the nucleolar protein fibrillarin and DAPI 

staining (Fig. 1). HA-PinX1 was colocalized with fibrillarin in 51 ± 1.9% 

of the transfected cells and resided in the nucleoplasm of the remaining 

48 ± 2.0%. The nucleolar fibrillarin signal appeared to weaken when 

HA-PinX1 was expressed in the nucleoplasm. To rule out the possibility 

that this localization pattern was unique to the HeLa cell line, we 

introduced HA-hPinX1 into a transformed embryonic kidney cell 293T 

and a telomerase-negative immortal cell WI-38 VA-13. Consistent with 

our initial observations, HA-PinX1 was detected in the nucleolus in 50% 

of the transfected cells in both of the cell types tested (Fig. 1). These 

results showed that HA-PinX1 was present as both a nucleolar and 

nuclear protein. Subcellular localization of PinX1 was also performed 

with Myc-tagged PinX1 and GFP-fused PinX1 in HeLa cells. Nucleolar 

and nuclear Myc-PinX1 were observed in the same patterns as HA-PinX1 

described above (Fig. 1); GFP-PinX1, however, was present 

predominantly in the nucleolus (Fig. 1).  
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Figure 1. Subcellular localization of PinX1 in human transformed cells. 

HA-PinX1 was transiently transfected in human HeLa, HEK 293T, and WI-38 

VA-13 transformed cell lines. Localization of HA-PinX1 was detected using 

an anti-HA rabbit polyclonal antibody. Fibrillarin was detected with an 

anti-fibrillarin antibody as a nucleolar marker and the nucleus was visualized 

in blue using DAPI staining. Myc-PinX1 transfected in HeLa cells was 

detected with an anti-PinX1 goat polyclonal antibody. GFP-PinX1 ectopically 

expressed in HeLa was visualized as green fluorescence. Cells were observed 

at 1260x magnification. Bars: 10 μm 



 

19 

 

 

2. The Carboxyl Terminal Region of PinX1 is Critical for Nucleolar 

Localization of PinX1 

To determine the region of PinX1 required for nucleolar localization, 

several truncation or internal deletion forms of PinX1 were constructed 

(Fig. 2A). All PinX1 constructs had an HA tag at the N-terminus. Each of 

these constructs was introduced into HeLa cells and the expression of 

each mutated protein was determined by Western blot (Fig. 2B). In 

addition, more than 100 transfected cells were scored for subcellular 

localization (Fig. 2C). The results are summarized in Figure 2A.  

PinX1
∆G patch

, a G-patch deleted mutant, was present in the nucleolus in 

>80% of the cells, a much higher proportion than full-length HA-PinX1. 

A similar result was observed with PinX1
93-328

, in which residues 1 to 92, 

which includes the G-patch, was deleted: HA-PinX1
93-328

 localized to the 

nucleolus in 85 ± 7.1% of the transfected cells. Further deletions of the 

first 149 residues (PinX1
150-328

) again resulted in increased nucleolar 

localization (93 ± 1.9%). These results suggest that the N-terminal region 

from 1 to 149 has little positive influence on nucleolar localization, and 

instead functions to suppress it. The PinX1 fragment containing residues 

205-328 (PinX1
205-328

) was detected either in the nucleoplasm alone or in 

both the cytoplasm and nucleoplasm in transfected cells. It was rarely 

observed in nucleoli, indicating that deletion up to residue 204 abolished 

nucleolar localization. Similarly, PinX1
1-204

 was present in both the 

cytoplasm and nucleoplasm but not in the nucleoli, indicating that the 

region from 150-204 is not a critical domain for nucleolar localization. 

Because both PinX1
205-328

 and PinX1
1-204

 failed to localize to the nucleoli, 

it is believed that truncation at residue 204 might disrupt a critical 

structure/domain for nucleolar localization. Interestingly, residues 

149-268 of PinX1 align with the KKE/D domain of yeast PinX1. 
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Although the KKE/D domain is absent in PinX1, the corresponding 

region is rich in K, E, and D, and thus we named this area the KED-rich 

domain (Fig. 2A). To determine the effect of the KED rich domain on 

nucleolar localization, we constructed PinX1
149-268

 (which encodes the 

KED-rich domain) and 3 internal deletion mutants in which the KED-rich 

domain was completely or partially deleted: PinX1
∆149-204

, PinX1
∆205-268

 

and PinX1
∆149-268

. All 3 internal deletion mutants were localized 

predominantly in the nucleoplasm in 80-100% of cells, and the remaining 

small fraction of cells showed those proteins in the nucleolus. Similarly, 

PinX1
149-268

 was also localized in the nucleoplasm and rarely in the 

nucleolus, indicating that the KED-rich domain itself is insufficient for 

nucleolar localization of PinX1. Taken together, our results indicate that 

the C-terminus of PinX1, containing residues 150-328, is required for 

nucleolar localization of PinX1, while the N-terminus inhibits nucleolar 

localization. We also determined the localization of Myc-PinX1
93-328

 and 

Myc-PinX1
205-328

, and found that both proteins showed localization 

patterns similar to the corresponding HA-tagged PinX1 (Fig. 3).  
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Figure 2. Structure and subcellular localization of PinX1 mutants in HeLa. 

A. Schematic representation of PinX1 derivatives. All PinX1 derivatives 

were cloned into pCMV-HA. The percentage of nucleolar localization in 

PinX1 expressing cells is shown on the right of each construct. B. 

Western blotting for PinX1. The PinX1 derivatives or vector control were 

transiently transfected into HeLa cells, and protein expression was 
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determined with an anti-HA antibody. C. Mapping of the nucleolar 

localization regions of PinX1. An example of HeLa cells transiently 

expressing the described HA-PinX1 constructs is shown. Staining of 

PinX1 was performed with an anti-HA antibody (green). Fibrillarin and 

the nucleus were determined with an anti-fibrillarin antibody (red) and 

DAPI (blue), respectively.  Nucleolar localizations of values of PinX1 

are represented as means ± S.D. of three independent experiments, and 

asterisk indicates one measurement. 
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Figure 3. Schematic illustration and subcellular localization of 

Myc-PinX1 mutants in HeLa cells. A. Three myc-tagged PinX1 

derivatives were cloned into pCMV-Myc. The percentage of nucleolar 

localization is shown on the right of each construct. B. A representative of 

HeLa cells transiently expressing the described Myc-PinX1 constructs is 

shown. Staining of PinX1 was performed with an anti-Myc antibody 

(green). The nucleus was determined with DAPI (blue). Cells were 

visualized using differential interference contrast (DIC).  

 

 

3. Accumulation of PinX1 in the Nucleoplasm of S Phase Cells   

We next examined whether localization of HA-PinX1 was altered in a 

cell cycle-dependant manner. HeLa cells transfected with HA-PinX1 

were synchronized by thymidine and apidicolin blocking, which arrest 
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cells at the G0/G1 transition. After releasing the cells from the apidicolin 

block, FACS analysis was performed to ensure that the cells had 

progressed in synchrony through the cell cycle. HA-PinX1 localization 

was monitored by immunofluorescence analysis. DAPI and fibrillarin 

were co-stained, and >100 transfected cells were scored for subcellular 

localization (Fig. 4). At the 0 hr release (G0/G1), HA-PinX1 was found in 

the nucleolus of 50% of transfected cells and in the nucleoplasm of the 

remaining 50%. At the S phase (4 hr after release), more cells showed 

HA-PinX1 in the nucleoplasm: HA-PinX1 was found in the nucleoplasm 

in 75% of the transfected cells, and in the nucleoli in only 25%. Similarly, 

HA-PinX1
93-328

, which resided dominantly in the nucleoli of the 

asynchronized cells, was found in the nucleoplasm in 80% of transfected 

cells and in the nucleoli in the other 20% at the S phase (data not shown). 

At the G2/M phase (8 hr after release), the localization pattern was 

similar to that of the G0/G1 phase, again exhibiting nucleolar PinX1 in 

half of the transfected cells (Fig. 4). These results reveal that less 

HA-PinX1 accumulated in the nucleoli of cells at the S phase. 
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Figure 4. Subcellular localization of PinX1 during the cell cycle. HeLa 

cells transiently expressing HA-PinX1 were synchronized at G0/G1, S, 

and G2/M phases by a thymidine and aphidicolin double-block. DNA 

contents at G0/G1, S, and G2/M phases were analyzed by FACscan and 

are shown on the left. A half-fraction of cells was immunostained to 

detect cellular localization of HA-PinX1. The percentage of nucleolar and 

nuclear distribution of HA-PinX1 at each phase of the cell cycle is shown 

on the right.  

 

 

4. Association of PinX1 with Telomeres 

PinX1 (specifically, the C-terminal region of PinX1, consisting of 

residues 254-328), is known to interact with TRF1
23

. We confirmed the 

interaction between endogenous TRF1 and ectopically expressed PinX1 

by immunoprecipitation (IP). In doing so, we found that Myc-PinX1, 
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GFP-PinX1 and HA-PinX1
205-328

 exhibited an interaction with 

endogenous TRF1 (Fig. 5). Interestingly, GFP-PinX1 that resided 

predominantly in the nucleoli maintained the ability to interact with 

TRF1. Full-length myc-and HA-tagged PinX1 were not tested because 

their expression levels were considerably lower than those of other 

constructs under our experimental conditions. To find out whether PinX1 

binds to telomeres, chromatin immunoprecipitation (ChIP) assay was 

performed with HeLa cells expressing Myc-PinX1
93-328

, Myc-PinX1
205-328

 

or GFP-PinX1 using anti-myc or anti-GFP (Fig. 6A and 6B). We found 

substantial telomere signals for both proteins. The signals were at least 

1.6-fold and 1.8-fold greater for the Myc-PinX1
93-328

 and 

Myc-PinX1
205-328

 proteins, respectively, compared to the pCMV-Myc 

vector.  

We also studied the association of these proteins to CAC repeat 

sequences, found that the CAC signals were 1.4-fold and 1.5-fold greater 

for the Myc-PinX1
93-328

 and Myc-PinX1
205-328

 proteins, respectively, 

compared to the pCMV-Myc vector. In contrast, GFP-PinX1 showed little 

association with telomeres or CAC repeats (Fig. 6A). Subcellular 

localization of those proteins is different; one-third (30%) of cells 

expressing Myc-PinX1
93-328 

revealed Myc-PinX1
93-328

 proteins mainly in 

the nucleoplasm while 70% showed the proteins in the nucleoli (Fig. 3). 

Myc-PinX1
205-328

 proteins were located in the nucleoplasm whereas 

GFP-PinX1 was mainly present in the nucleolus (Figs. 1 and 2). As 

shown in Figure 6, ChIP assay revealed that Myc-PinX1
93-328

 and 

Myc-PinX1
205-328

 proteins have the ability to bind to telomeres while 

GFP-PinX1 does not. These results suggest that presence of PinX1 in the 

nucleoplasm is likely critical for PinX1 binding to telomeres and other 

repeat sequences.  
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Figure 5. PinX1 interacts with endogenous TRF1. HeLa cells transfected 

with Myc-PinX1, GFP-PinX1 and HA-PinX1 
205-328

, shown on A, B, and 

C, respectively, were subjected to immunoprecipitation. Antibodies used 

for IP were indicated. The immunoprecipitates were detected by western 

blot using antibodies to TRF1, myc (A), GFP (B) and HA (C). 
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Figure 6. Binding of nuclear PinX1 to telomeres and other repeat sequences. 

A. Slot blots of anti-Myc and -GFP ChIPs from HeLa cells expressing 

constructs indicated on the left are shown. The precipitated DNA was probed 

for the presence of TTAGGG or CAC minisatellite repeats. For a negative 

control experiment, anti-GFP ChIPs were performed in parallel with HeLa 

cells expressing Myc-PinX1 (upper panel) and mouse normal IgG ChIPs from 

cells expressing GFP-PinX1 (lower panel). B. Quantification of ChIPs in A. 

Telomere signals of PinX1 ChIPs were normalized with input signals and 

calculated as a ratio relative to that recovered from vector-expressing cells. 

Error bars were generated from three independent experiments. 

 

 

5. Co-localization of TRF1 and PinX1 in the Nucleoli  

We also examined whether ectopic expression of PinX1 had any 

influence on TRF1 localization. HA-PinX1 was transiently expressed in 

HeLa cells, and HA-PinX1 and endogenous TRF1 were detected by 

immunostaining. Dual labeling of the same cells with an anti-TRF1 

antibody showed that, in cells expressing nucleolar HA-PinX1, a 

significant portion of the TRF1 colocalized with HA-PinX1 in 1-3 strong 

spots, which likely represent nucleoli (Fig. 7A). A similar result was 

observed with GFP-PinX1 (Fig. 7A): TRF1 was colocalized with 

GFP-PinX1 in 2-3 strong spots (Fig. 7A). Meanwhile, a typical multispot 

pattern of TRF1 was constantly detected in the nucleoplasm despite a 

considerable portion of TRF1 accumulated in the nucleoli (Fig. 7A. 

inbox), indicating that a certain fraction of TRF1 remained in the 

nucleoplasm. In nontransfected cells or cells expressing nuclear 

HA-PinX1 or HA-PinX1
205-328

, endogenous TRF1 remained in the 

nucleoplasm in a multispot pattern (Fig. 7A). To examine if other 

telomere binding proteins were also accumulating in the nucleoli 



 

30 

 

following PinX1 expression, the expression of endogenous TRF2 was 

determined by immunostaining. Unlike TRF1, the localization of TRF2 

was confined to the nucleoplasm (Fig. 7B).   

We next examined whether telomeres were also accumulating in the 

nucleoli following nucleolar PinX1 expression. Hybridization with a 

telomere probe combined with immunostaining was performed in HeLa 

cells transiently transfected with HA-PinX1. Telomere signals, displaying 

a typical punctate pattern, were maintained in the nucleoplasm and were 

not found in the nucleoli, regardless of HA-PinX1 expression (Fig. 7C). 

Similarly, in cells expressing GFP-PinX1, telomere signals remained in 

the nucleoplasm without distinct overlapping with GFP-PinX1 signals in 

the nucleoli (Fig. 7C). These results indicate that telomeres remained in 

the nucleoplasm, while a significant portion of TRF1 accumulated in the 

nucleoli following nucleolar PinX1 expression.  
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Figure 7. TRF1 co-localizes with PinX1 in the nucleoli of HeLa cells but 

not of WI-38 VA-13 cells. A. Localization of TRF1 in HeLa cells 

transiently transfected with the PinX1 constructs indicated on the left 

panels. Endogenous TRF1 was detected with an anti-TRF1 mouse 

monoclonal antibody, and HA-PinX1 and HA-PinX1
205-328

 with an 

anti-HA rabbit polyclonal antibody. The blue, DAPI stain, indicates the 

nucleus. GFP-PinX1 was visualized with green fluorescence. The image 

of the cell in the small box was enlarged for better visualization of TRF1 

in multispots. B. Localization of TRF2 in HeLa cells transiently 
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expressing HA-PinX1. TRF2 was detected with an anti-TRF2 mouse 

monoclonal antibody and HA-PinX1 with anti-HA monoclonal antibody. 

C. Localization of telomeres in HeLa cells transiently expressing 

HA-PinX1 and GFP-PinX1. Fluorescence in situ hybridization (FISH) 

using a telomere probe combined with immunostaining was performed to 

detect telomeres and HA-PinX1 proteins (upper 2 rows). GFP-PinX1 was 

visualized as green fluorescence (bottom row). Telomeres are shown in 

red. The nucleus was visualized by DAPI staining. D. Localization of 

TRF1 in WI-38 VA-13 cells transiently expressing PinX1. WI-38 VA-13 

cells were transfected with plasmids bearing GFP-PinX1 or HA-PinX1, 

and endogenous TRF1 and HA-PinX1 was detected with anti-TRF1 (red) 

and anti-HA (green) antibodies, respectively. E. Localization of telomeres 

in WI-38 VA-13 cells transiently expressing GFP-PinX1 and HA-PinX1. 

FISH combined immunostaining was performed as described above. 

HA-PinX1 or GFP-PinX1 are shown in green and telomeres are shown in 

red.  

 

 

6. The Effect of PinX1 on the Localization of TRF1 in ALT cells  

Ectopic expression of nucleolar PinX1 in HeLa cells resulted in 

nucleolar accumulation of TRF1. To determine whether TRF1 also 

accumulated in the nucleolus in an ALT cell line, HA-PinX1 or 

GFP-PinX1 was transiently expressed in the WI-38 VA-13 cell line, and 

HA-PinX1 and endogenous TRF1 were detected by immunostaining. As 

shown Fig 1, the localization pattern of PinX1 in WI-38 VA-13 cells was 

similar to that seen in HeLa cells. However, TRF1 remained in the 

nucleoplasm in a multispot pattern without co-localization with nucleolar 

PinX1 (Fig. 7D). We also checked where telomeres were located and 
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found telomere signals in the nucleoplasm (Fig. 7E). Taken together, 

theses results suggest that nucleolar PinX1 has no effect on the 

localization of TRF1 or telomeres in ALT cell lines.  

 

7. Enhanced TRF1 Binding to Telomeres upon PinX1 Overexpression  

TRF1, a protein of the shelterin complex, is known to regulate 

telomere length in cis 
3
. We further investigated whether ectopic express 

PinX1 had an influence on the telomeric association of TRF1 by 

performing ChIP assays using an anti-TRF1 antibody in HeLa cells in 

which PinX1 was transiently expressed. Compared to the vector, the 

telomeric association of TRF1 was 1.7-fold greater in Myc-PinX1
93-328

 

and 1.5-fold greater in Myc-PinX1
205-328

. A similar result was observed 

with GFP-PinX1 overexpression, in which the telomeric association of 

TRF1 was 1.8-fold higher compared to the GFP vector alone (Fig. 8A and 

B). ChIP assay was also performed with HA-tagged PinX1, and gave 

similar results: TRF1 association was 2.1-fold greater in HA-PinX1
93-328

 

and 1.4-fold greater in HA-PinX1
205-328

 compared to the vector alone (Fig. 

8C and D). TRF1 binding to telomeres appeared to be somewhat higher 

in HeLa cells expressing nucleolar Myc-, HA-PinX1
93-328 

and GFP-PinX1 

than in cells expressing nuclear PinX1
205-328

. These results suggest that 

TRF1 proteins that reside in the nucleoplasm might bind better to 

telomeres when a portion of TRF1 is sequestrated into the nucleoli. 
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Figure 8. PinX1 enhances TRF1 binding to telomeres. A. Slot blots of 

anti-TRF1 ChIPs from HeLa cells expressing the constructs indicated on 

the left. Precipitated DNA was probed for the presence of TTAGGG or 

CAC minisatellite repeats. For a negative control experiment, anti-RNA 

polymerase II ChIPs were performed in parallel with HeLa cells 

expressing vector, Myc-PinX1
93-328

 or Myc-PinX1
205-328

 (upper panel) and 

anti-HA ChIPs from cells expressing GFP-PinX1 or vector (lower panel). 

B. Quantification of ChIPs in A. Telomere signals of anti-TRF1 ChIPs 

were normalized with input signals and calculated as a ratio relative to 

vector-expressing cells. C. Slot blots of anti-TRF1 ChIPs from HeLa cells 

expressing vector, HA-PinX1
93-328

 or HA-PinX1
205-328

. Precipitated DNA 

was probed for the presence of TTAGGG or CAC minisatellite repeats. 

For a negative control experiment, anti-GFP ChIPs were performed in 
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parallel with HeLa cells expressing vector, HA-PinX1
93-328

 or 

HA-PinX1
205-328

.  D. Quantification of ChIPs in C. Telomere signals of 

anti-TRF1 ChIPs were normalized with input signals and calculated as a 

ratio relative to vector-expressing cells. Error bars were generated from 3 

independent experiments 

 

 

8. PinX1 enhances TRF1 Protein Stability.  

We have previously shown that overexpression of PinX1 resulted in 

increased TRF1 binding to telomeres
31

. These results prompted us to find 

out whether PinX1 modulates TRF1 protein stability. To examine this 

possibility, HeLa cells were transfected with GFP-PinX1. Thirty six hr 

later, cells were treated with cycloheximide (CHX) for 0, 14, and 24 hr, 

and endogenous TRF1 protein level was then monitored by immunoblot. 

Western blot showed that TRF1 protein was abundant and stable in 

GFP-PinX1 expressed cells compared to control cells where the level of 

TRF1 protein was reduced (Fig. 9A and B). As shown in Fig 3. 

Myc-PinX1
1-328

, a full length of PinX1, located in both nucleolus and 

nucleus, and myc-PinX1
93-328

 and myc-PinX1
205-328

 mainly located in 

nucleolus and nucleus, respectively
31

. These three constructs were 

expressed in HeLa cells and CHX chase was followed. TRF1 protein was 

more stable in cells expressing these PinX1 constructs, Myc-PinX1
1-328

,
 

Myc-PinX1
93-328

 and Myc-PinX1
205-328

 than that in the control cells (Fig. 

9C and D). All these constructs contained TRF1 interacting domain 

which includes residues from 254 to 328. Therefore, we further examined 

a mutant form of PinX1, HA-PinX1
149-268

 which lacks TRF1 interacting 

domain. The protein stability of TRF1 was significantly reduced in the 

HA-PinX1
149-268

 transfected cells compared with the HA-PinX1
205-328
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transfected cells (Fig. 9E and F). These results indicated that direct 

interaction of PinX1 with TRF1 is crucial in PinX1-mediated TRF1 

stability. 

 

 
 

Figure 9. PinX1 overexpression increases endogenous TRF1 protein 

stability. A. TRF1 protein stability upon GFP-PinX1 expression. HeLa 

cells transiently expressing GFP-PinX1 were treated with 500 µg/mL 
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cycloheximide (CHX) for the indicated times. Lysates were resolved on 

4-12% gradient SDS-PAGE and protein levels were monitored using 

anti-TRF1, anti-β-actin or anti-GFP antibodies. B. Quantification of the 

data represented in A. TRF1 protein level in indicated time was 

determined relative to those in 0 hr treatment, and β-actin was used as a 

loading control. C. TRF1 protein stability upon the expression of PinX1 

mutant forms. HeLa cells expressed with Myc-PinX1
 
constructs was 

treated with CHX, and TRF1 stability was monitored as described in A. 

Myc-PinX1 proteins were determined using anti-Myc antibody. D. 

Quantification of the data represented in C. E. TRF1 interacting domain 

of hPinX1 is important in TRF1 protein stability. HA-PinX1
149-268

 and 

HA-PinX1
205-328

 was expressed in HeLa cells, and CHX chase was 

followed. Anti-HA antibody was used to detect PinX1 proteins. F. 

Quantification of the data represented in E. Error bars in the graphs of B, 

D, and F indicate SD of the mean from 2-3 repeats. 

 

 

9. PinX1 knock down Reduces the Level of TRF1 Protein. 

We next, determined TRF1 protein stability in PinX1-depleted cells 

using small interfering RNA duplex (siRNA). HeLa cells were transfected 

with siRNAs specific for PinX1 (PinX1i) and myc-TRF1, and 24 hr later 

CHX chase was followed. Western analysis confirmed knockdown of 

endogenous PinX1 protein in the cells treated with PinX1i (Fig. 10A). 

Exogenous myc-TRF1 protein was rapidly degraded in the sihPinX1 

transfected HeLa cells compared in the control RNAi (control) treated 

cells (Fig. 10A and B). The stability of TRF1 protein was known to be 

regulated by the ubiquitin-proteasome pathway
18

. To examine whether 

PinX1 had an influence on the ubiquitination of TRF1 protein, in vivo 
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ubiquitination assay was used as follows; HeLa cells were transfected 

with PinX1i, one day later co-transfected with HA-Ubiquitin and 

myc-TRF1 and then treated with a proteasome inhibitor MG132, and 

immunoprecipitation was followed with anti-myc antibody (Fig. 10C).  

Compared with the controli treated cells, knocking down the endogenous 

PinX1 significantly enhanced TRF1 ubiquitination (Fig. 10C). Chromatin 

immunoprecipitation assay revealed that the telomeric association of 

TRF1 decreased 0.5-fold in PinX1-depleted HeLa cells compared to the 

controli treated cells (Fig. 10D and E). Taken together, these results 

indicate that PinX1 inhibits TRF1 degradation by preventing TRF1 

ubiquitination. 
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Figure 10. Knock down of PinX1 by PinX1i leads to degradation and 

ubiquitination of TRF1. A. PinX1 depletion results in TRF1 degradation. 

HeLa cells treated with PinXi or controli were transfected with 

Myc-TRF1 and 24 hr later cells were treated with cycloheximide (CHX) 

for the indicated times. Ectopic myc-TRF1, endogenous PinX1 and 

β-actin were determined by anti-myc, anti-PinX1 and anti-β-actin 

antibodies, respectively. B. Quantification of the data represented in A. 

TRF1 level was semi-quantified using β-actin as a loading control and 

relative TRF1 levels at time 0 defined as 100%.  C. PinX1 knock down 
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promotes ubiquitination of TRF1. HeLa cells expressing HA-ubiquitin 

and myc-TRF1 were transfected with PinX1i and after 24 hr, cells were 

treated with 1mM MG132 for 8 hr. Immunoprecipitation was performed 

with anti-myc and followed by immunoblotting analysis with anti-HA 

and anti-Myc antibodies. D. PinX1 knock down decreases binding of 

TRF1 on telomeres. HeLa cells were transfected PinX1i or controli. 

These cells were subjected to telomere ChIP with anti-TRF1 antibody and 

normal mouse IgG for negative control. E. Quantifications of ChIPs in D. 

Graph shows mean ±s.d. of two independent experiments.  

 

10. PinX1 knock down Activates a DNA damage response at Telomeres. 

It has been known that TRF1 is crucial factor to telomere protection. We 

investigated whether PinX1 has a role in telomere damage response. We 

used the PinX1i approach in HeLa cell. To directly assess the 

consequence of PinX1 depletion in cellular response to telomere damage, 

we monitored proteins of DNA damage response in HeLa cells 

transfected with controli and PinX1i, respectively. Phosphorylated 

γ-H2AX and CHK2 accumulated in PinX1 deleted cells compare to 

control cells (Fig 11A lane 1 vs 3).  To ensure that this effect is due to 

loss of PinX1, we overexpressed myc-TRF1 in PinX1 deleted HeLa cell 

and analyzed γ-H2AX levels using immunoblot. Overexpression of TRF1 

in PinX1 deleted HeLa cell, reduced γ-H2AX level. (Fig 11A lane 2, lane 

4), could find that telomere maintenance is required for PinX1 to act on 

TRF1. Telomere dysfunction evokes the activation of DDRs at 

chromosome ends represented by foci accumulation of activated DNA 

damage-responding protein factors, such as ATM, 53BP1 and γ-H2AX, at 

telomere. This particular event is defined as TIFs (telomere 

dysfunction-induced DNA damage foci). TIF can be judged by 
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co-localizations of DNA damage foci (such as the γ-H2AX foci) with 

telomere markers (such as telomeric DNA or telomeric protein 

component). To determine whether PinX1 loss compromises the 

protection of the telomeres or not, we monitored TIF formation in control 

and PinX1 deleted HeLa cells, respectively. We found that TIF formation 

was increased in HeLa cells depleted PinX1 protein (Fig 11C), such that 

~ 10.3% of the PinX1 depleted cells, showed ≥ 2 TIFs per nucleus. Only 

about 1.8% of the control cells exhibited TIFs. In previous report
36

, high 

telomerase activity was significantly associated with advanced tumor 

stage and frequent anaphase bridge and PinX1 depletion in MEFs shows 

increase of anaphase bridges
37

. To further confirm that reducing PinX1 

protein affects chromosome separation during mitosis, we counted the 

number of anaphase bridge and multipolar mitosis in PinX1 depleted 

HeLa cells. As expected, PinX1 depletion also significantly increased 

anaphase bridge and multipolar mitosis with about 11.5% and 7.6% of 

cells displaying anaphase bridge and multipolar mitosis, respectively, 

about 4 fold higher than controli treated cells (anaphase bridge and 

multipolar mitosis, 4.2% and 2.2%, respectively)(Fig 11 D,E and F). Thus 

PinX1 depletion not only increases DDR protein and TIFs, but also leads 

to anaphase bridge and multipolar mitosis. Together, these results indicate 

that PinX1 plays a crucial role for chromosomal instability and telomere 

protection   
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Figure 11. Depletion of PinX1 enhanced telomere dysfunction. A. 

Western blot detection of DDR factors in PinX1 depleted HeLa cell and 

TRF1 re-expressed in depleted HeLa cell. Extracts were collected 72 h 

post-transfection with negative controli, PinX1i, controli with Myc-TRF1, 

and PinX1i with Myc-TRF1 respectively. β-actin was used as loading 

control. B. FISH detection of telomere (red) combined with 

immunofluorescence staining of γ-H2AX (green) in controli and PinX1i 

treated HeLa cell. Telomere localization of the DNA damage signal, 

indicated with white arrows. C. Quantification of data represented in B. 

Approximately 50-60 cells from controli and PinX1i transfected cells 

were counted. Average TIFs in counted nucleus (left graph). Cells were 

more than two TIFs per nucleus were scored (right graph). D and E. 

PinX1 depleted HeLa cells showing anaphase bridging (D, arrow) and 

multipolar mitosis (E, arrow) (Hematoxylin and eosin, original 
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magnification x400). F. Quanitification of data represented in D and E. 

Error bars were generated from three independent experiments.  

 

 

11. PinX1 Enhances Stabilization of Non-Phosphorylated TRF1 before 

its Ubiquitination  

It has been reported that phosphorylation of TRF1 at threonine of 122 

position increased TRF1 stability and allowed more TRF1 binding to 

telomeres, and unphosphorylated form of TRF1 induced by 

5,6-dichloro-1-β-D-ribofuranosyl-benzimidazole (DRB), a casein kinase 

inhibitor, was rapidly degraded by ubiquitination
25

. To determine whether 

PinX1 was able to maintain the stability of unphosphorylated form of 

TRF1, DRB was treated in GFP-PinX1 expressing HeLa cells (Fig. 12A 

and B), and then TRF1 protein was monitored. DRB treatment rapidly 

degraded TRF1 proteins in vector expressing HeLa cells. Unlike vector 

expressing HeLa cells, GFP-PinX1 expressing cells maintained TRF1 

protein stability (Fig. 12A and B). We next examined whether PinX1 

enables unphosphorylated TRF1 form to become stable. Wild type TRF1 

and TRF1
T122A

 mutant were co-transfected with GFP-PinX1 in HeLa cells, 

and transfected cells were incubated with CHX for indicated time and 

immunoblot was followed with anti-myc antibody. TRF1
T122A

 protein 

became significantly stable in PinX1-overexpressed cells compared to 

vector-expressed cells, and its stability was comparable to that of wild 

type (Fig 12C). We performed immunoprecipitation assay to find out the 

interaction between PinX1 and TRF1
T122A

. We co- expressed GFP-PinX1 

and TRF1
T122A

 mutant or TRF1 wild type in HeLa cells and then 

performed IP using anti-myc antibody. GFP-PinX1 was 

co-immunoprecipitated with TRF1
T122A

 similar level to wild type TRF1 

(Fig. 12D). These results suggest that PinX1 stabilizes TRF1 regradless 



 

44 

 

of phosphorylation. We do not yet know whether PinX1 affects TRF1 

before or after its ubiquitination. To further verify that PinX1 affects TRF 

protein level by GCN5-dependent deubiquitination, we co-transefected 

with siRNA to deplete endogenous GCN5 and GFP-PinX1 in HeLa cells, 

and then treated with CHX for indicate time. The endogenous GCN5 

protein level was effectively depleted after the corresponding specific 

siRNA treatment (Fig. 12E and F).Immunoblots indicated that PinX1 

maintained TRF1 levels in GCN5i and controli transfected HeLa cells 

(Fig. 12E and F). These results demonstrate that PinX1-mediated TRF1 

stability was not affected GCN5 depletion.   
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Figure 12. PinX1-mediated TRF1 stability is controlled before its 

ubiquitination A, HeLa cells transfected GFP-PinX1 or control were 

treated 1mM DRB for 8 hr. Lysates were resolved 4-12% gradient 

SDS-PAGE gel and analyzed by immunoblotting using anti-TRF1 

antibody. B, graphical representation of relative TRF1 levels normalized 

against the β-actin loading control. C. HeLa cells were co-transfected 

with GFP-PinX1 and TRF1 wild type or TRF1
T122A

 mutant and then 

treated with CHX (500 µg/mL) for indicate times, followed by western 
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blot analysis with anti-myc and anti-β-actin antibodies. D. 

Co-immunoprecipitation of GFP-PinX1 and TRF1 wild type or TRF1 

mutant. HeLa cells transfected with GFP-PinX1 and either myc-tagged 

wild type or mutant TRF1
T122A  

and subjected to immunoprecipitate with 

anti-myc antibody, followed by immunoblotting with anti-myc (Fig 12C 

upper) and anti-GFP (Fig 12C lower) antibodies. E. Deletion of GCN5 by 

GCN5i didn’t lead to degradation and ubiquitination of TRF1. GCN5 

depletion did not affect PinX1 mediated TRF1 protein stability. HeLa 

cells were co-transfected GCN5i and vector, GCN5i and GFP-PinX1, 

controli and vector, and controli and GFP-PinX1 respectively 48 hr later 

cells were treated with cycloheximide (CHX) for the indicated times. 

TRF1, exogenous PinX1, GCN5, and β-actin were determined by 

anti-TRF1, anti-GFP, andti-GCN5 and anti-β-actin antibodies, 

respectively. F. Quantification of the data represented in C. TRF1 level 

was semi-quantified using β-actin as a loading control and relative TRF1 

levels at time 0 defined as 100%. 
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IV. DISCUSSION 

 

In this study, we found that PinX1 exists as both a nucleolar and 

nuclear protein and regulates the TRF1 protein stability through binding 

to TRF1. Nuclear PinX1 is associated with telomeres and CAC repeats, 

while nucleolar PinX1 does not bind to telomeres, despite its interaction 

with TRF1. Nucleolar PinX1 mediates TRF1 accumulation to the 

nucleolus, and overexpression of nucleolar and nuclear PinX1 results in 

increased TRF1 binding to telomeres and TRF1 protein levels, whereas 

depletion of PinX1 leads to degradation of TRF1 through ubiquitin and 

proteasome pathway and telomere dysfunction.  

 

1. Role of PinX1 as a Nucleolar and Nuclear Protein  

Nucleolar localization of human PinX1 was found in 50% of the 

transfected cells, while, in the remaining cells, PinX1 resided in the 

nucleoplasm. Notably, stepwise deletion of the N-terminus up to residue 

149 resulted in a gradual increase in nucleolar localization (up to 93 ± 1.9% 

of cells), indicating that the N-terminal region of residues 1-149 (at the 

very least) represses rather than promotes nucleolar localization. Further 

deletion to residue 204 completely abolished nucleolar localization, and 

partial or full deletion of the KED-rich domain impaired the ability of 

PinX1 to localize to the nucleolus. A similar result was seen with rat 

PinX1, in which truncation at the KED-rich domain abolished nucleolar 

localization
29

. The KED-rich domain itself, however, was not sufficient 

for nucleolar localization, as it was found mostly in the nucleoplasm. The 

minimum region of PinX1 that was sufficient for nucleolar localization 

consisted of residues 150-328, which possessed the intact KED-rich 

domain and the immediate C-terminus. Several nucleolus localization 

signals (NoLS) have been proposed, and the sequence consisting of the 
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(R/K)(R/K)X(R/K) motif has been documented for its importance in the 

nucleolar localization of many proteins
31-33,38

. In fact, PinX1
205-328

 

possesses 2 copies of NoLS (R/K)(R/K)X(R/K), but nonetheless fails to 

locate to the nucleolus, indicating that the proposed NoLS were not 

sufficient for the nucleolar localization of PinX1. Thus, other, unknown 

NoLS sequences or structural domains are likely to be present in PinX1. 

A recent study reported that PinX1 fused to RFP (PinX1-RFP) is 

predominantly located in nucleoli and that 2 residues are critical for this 

nucleolar localization: ser254 and cys265
39

. We observed similar results 

for GFP-PinX1, but HA-PinX1 was detected in the nucleolus in only half 

of the transfected cells. The localization pattern of HA-PinX1 was not 

specific to cell types, as all cell types tested (including HeLa, HEK293T, 

and WI-38 VA-13) showed similar patterns of HA-PinX1 localization. In 

a previous study, we detected rat PinX1 using an anti-HA antibody for 

which HA was tagged at the N-terminus, much like PinX1
29

. We found 

that HA-rPinX1 (rat PinX1) was localized predominantly in the nucleolus, 

ruling out the possibility that the HA tag influences PinX1 localization 

under our experimental conditions. Moreover, PinX1 fused with myc 

(another small tag) had the same localization pattern as HA-PinX1. 

Currently, it is not understood why PinX1 fused with GFP or RFP 

exhibits a different cellular localization pattern. Our results show that the 

N-terminus of PinX1 had an inhibitory effect on nucleolar localization, 

and so it is possible that the N-terminus of PinX1 in GFP-PinX1 might be 

inactivated or masked by GFP protein, thereby leading GFP-PinX1 to the 

nucleolus. Detection of endogenous PinX1 should provide a clear answer 

to this confusion. 

2. Subcellular Localization of PinX1 Regulated in a Cell 

Cycle-dependent Manner 

Nucleolar PinX1 is known to mediate the movement of hTERT to the 
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nucleolus
39

, and it has been suggested that PinX1-mediated telomerase 

sequestration in the nucleolus results in telomere shortening
28

. The Lu 

group reported that the telomere shortening effect was more evident when 

a small fragment of C-terminal PinX1, which resides predominantly in 

the nucleoplasm, was overexpressed compared to full length PinX1
23

. 

Therefore, the role of PinX1 in the nucleoplasm is likely to be just as 

important as its nucleolar role in the regulation of telomere length. In this 

study, we found more PinX1 accumulation in the nucleoplasm during the 

S phase. Telomerase is also known to be released into the nucleoplasm 

during the S phase while it is sequestrated in the nucleolus during the 

G0/G1 phase
40,41

. These results suggest that PinX1 might also inhibit 

telomerase during the S phase by interacting with telomerase in the 

nucleoplasm. Negative regulation mediated by PinX1 might occur 

throughout cell cycles and result in telomere shortening. At present, it is 

not clear how the functional significance of dynamic subcellular 

localization of PinX1 is related to TRF1 function. Further investigations 

to show the functional consequence of nuclear and nucleolar PinX1 on 

telomere regulation are required. 

3. Nucleolar PinX1 Forces TRF1 Accumulation in the Nucleoli.  

TRF1 is located in the nucleoplasm, specifically at telomeres, and 

immunostaining of TRF1 results in a punctate pattern. In this study, we 

found that, upon expression of nucleolar PinX1, a fraction of TRF1 

accumulated in the nucleoli. When PinX1 was overexpressed in the 

nucleoplasm, TRF1 was no longer observed in the nucleoli, indicating 

that nucleolar localization of TRF1 was dependent on PinX1 localization. 

Consistent with a previous study
23

, we found evidence of a physical 

interaction between PinX1 and TRF1. The C-terminus of PinX1 was 

important for both TRF1 interaction and nucleolar localization, 

suggesting that nucleolar accumulation of TRF1 is likely mediated by the 
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C-terminal region of PinX1.  

ChIP assay revealed that nucleolar PinX1 did not interact with 

telomeres, despite its physical association with TRF1, whereas 

Myc-PinX1
93-328

 and Myc-PinX1
205-328

 possessed the ability to bind to 

telomeres and CAC repeats as well. In fact, both Myc-PinX1
93-328

 and 

Myc-PinX1
205-328

 proteins were found at the nucleoplasm (Fig. 2 and Fig. 

3) although 70% of cells expressing Myc- PinX1
93-328

 showed the Myc- 

PinX1
93-328

 protein mainly in the nucleoli. These results suggest that 

nuclear PinX1 might lead to telomere binding. Interaction between PinX1 

and CAC repeats indicates that PinX1 might not be a specific telomere 

binding protein. The binding of nuclear PinX1 to telomeres might not be 

mediated by telomere-bound form of TRF1. Rather, both nuclear and 

nucleolar PinX1 proteins may interact with the telomere-unbound form of 

TRF1. It has been demonstrated that the telomere-unbound form of TRF1 

is ubiquitinated and subsequently processed for proteolysis
26

. It is 

tempting to speculate that PinX1 might protect the telomere-unbound 

form of TRF1 from proteolysis by translocating the TRF1 into the 

nucleolus or by sequestrating the TRF1 in the nucleoplasm. 

In ALT cell lines, TRF1 was not co-localized with hPinX1 in the 

nucleoli, suggesting that the PinX1 function that mediates nucleolar 

accumulation of TRF1 might be telomerase-dependent. It is also possible 

that TRF1 form(s) recognized by hPinX1 is absent in ALT cells. Further 

study is required to reveal the mechanism that regulates PinX1 function. 

4. Excess PinX1 Results in Increased TRF1 Binding to Telomeres and 

TRF1 stability.  

Overexpression of nucleolar hPinX1 resulted in increased TRF1 

binding to telomeres, suggesting that the TRF1 that remained in the 

nucleoplasm might bind better to telomeres. We also observed a 

substantial increase of TRF1 binding to telomeres in cells overexpressing 
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nuclear PinX1
205-328

. TRF1 modifications are known to be crucial for 

telomere binding. For instance, TRF1 phosphorylation, ADP-ribosylation, 

and sumoylation are known to be involved in telomeric association or 

dissociation of TRF1
7,24,37,42

. PinX1 might associate with one of those 

TRF1 forms (or other unknown forms of TRF1) that potentially inhibit or 

compete for telomeric association of TRF1. PinX1-mediated 

sequestration of those forms of TRF1 into the nucleolus or their isolation 

in the nucleoplasm might result in increased binding of telomere-bound 

forms of TRF1 to telomere. It is known that overexpression of PinX1 

results in telomere shortening of transformed cells
23,29

, and thus, we 

speculate that telomere shortening induced by PinX1 overexpression 

might be a result not only of telomerase inhibition, but also of increased 

TRF1 binding to telomeres.  TRF1 negatively regulates the telomere 

length by inhibiting access of telomerase at telomere termini, suggesting 

that the protein level of TRF1 at telomeres is tightly regulated. PinX1 

overexpression affects the ability of TRF1 to bind to telomeric DNA
43

and 

increases TRF1 level at telomere (Fig. 8, and Fig 9 A and C). PinX1 

without TID was unable to interact with TRF1 and to maintain TRF1 

stability (Fig. 9E), suggesting that physical interaction between PinX1 

and TRF1 is important for the PinX1 function on TRF1 stability.  

5. Depletion of PinX1 Results in Rapid Degradation of TRF1 and 

Activation of DNA damage responses. 

Modifications of TRF1 are crucial for TRF1 stability. Inhibition of 

hPinX1 leads to a decrease in TRF1 binding to telomere. This diminished 

telomere binding could be due to release of TRF1 from telomeres or due 

to its degradation. Depletion of PinX1 resulted in rapid degradation of 

TRF1 protein which, in turn, may cause less TRF1 binding to telomeres 

through increase to ubiqutinated TRF1.   

TRF1 has been attributed roles in telomere length regulation, telomere 
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cohesion, and telomere silencing, among others
4,44-46

. TRF1 acts as a 

suppressor of the DDR at mammalian telomeres and plays an essential 

role in telomere integrity by preventing generation of telomere fusion and 

chromosome termini with multiple telomeric signals, a type of telomere 

aberration that results from increased telomere fragility
47

. In particular, 

conditional deletion of TRF1 leads to TIF formation, which enhances at 

mitotic telomeres. This is concomitant with an activation of ATM/ATR 

and the downstream CHK2, and formation of telomere aberrations
71

.  

Our studies revealed that PinX1 depletion leads to DDR activation and 

increases TIF induction (Fig 11). Interestingly, DDR activation induced 

by PinX1 depletion was suppressed by overexpression of TRF1, 

suggesting that PinX1 involves in telomere protection by controlling 

TRF1 protein stability.  

6. PinX1 Enhances Stabilization of Non-Phosphorylated TRF1 before 

its Ubiquitination 

Modification of TRF1 is crucial role in telomere association of TRF1 

and telomere length control.  

In recent report, DRB, CK2 inhibitor, induced dephosphorylation of 

TRF1, substantial decrease in level of TRF1 binding at telomere and 

subsequentially degraded through ubiquitin-proteasome pathway
25

. 

However, in our data showed that this effect is rescued by transient 

overexpression of PinX1. Based on these data, we furthermore confirm 

this effect with non-phosphorylated TRF1, TRF1 mutant with threonine 

to alanine change at position at 122. PinX1 induces the increase of the 

stability of phosphorylated TRF1, wild TRF1 and non-phosphorylated 

TRF1, TRF1 mutant through physically interacts both of them (Fig 12C 

and D). PinX1 prevents ubiquitination of telomere unbound form TRF1 

through bind to phosphorylated and non-phosphorylated TRF1.  

In human cells, TRF1 undergoes ubiquitin-mediated proteolysis after its 
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eviction from telomeres, but GCN5 protects degradation of TRF1 by 

deubiqutination of this substrate
48

. Depletion of GCN5 leads to telomere 

dysfunction in mouse and human cells and increases ubiquitination and 

turnover of TRF1 and in our data, depletion of PinX1 shows similar 

effects on TRF1. We do not yet know whether PinX1 affects TRF1 before 

or after its dissociation from telomere. However, our observation of 

similar effect of PinX1 on TRF1 in GCNi and controli trasfected cells 

indicates that these effects are independent of GCN5 since depletion of 

GCN5 does not affect PinX1-mediated TRF1 stability. Our data supports 

that PinX1-mediated TRF1 stability is controlled before its 

ubiquitination . 
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V. CONCLUSION 

 

 

In summary, this study demonstrates that PinX1 regulates subcellular 

localization of TRF1, TRF1 protein stability and the status of telomeric 

association of TRF1, and plays a critical role in telomere integrity. PinX1 

seems to play a multifaceted role in the maintenance of telomere 

integrity by regulating homeostasis of a telomere binding protein and 

telomerase activity. This study provides an insight into the mechanism 

by which telomere integrity is maintained by interaction of two 

mechanisms of telomerase regulation and homeostasis of shelterin 

complexes.  
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ABSTRACT (IN KOREAN) 

 

TRF1에 의한 텔로미어 보호에 핵인 단백질인 인체 PinX1의 

역할 

 

<지도교수   박 영 년> 

 

연세대학교 대학원 의과학과 

 

유  정  은 

 

염색체 안정성을 위해서는 세포내 텔로미어 길이가 일정 수준 유지되는 

것이 필수 적이다. Shelterin이라 불리는, 텔로미어 결합 단백질군의 하나인 

TRF1은 텔로미어의 길이 조절과 텔로미어 보호에 중요한 역할을 한다고 

보고되었다. 인체 PinX1은 TRF1 결합 단백질로서 텔로머라아제의 기능을 

억제하는 억제자로 알려져 있으며, 텔로머라아제 억제제로 암억제 및 

치료제로서의 가능성이 연구되고 있다.. 하지만 현재까지 인체 PinX1의 

세포 내 발현과 TRF1의 물리적인 결합이 텔로미어 길이 유지와 염색체 

보호에 어떻게 관여하는지는 알려진바 없다.  

따라서 본 연구에서는 인체 PinX1의 새포내 발현 위치와 TRF1의 



 

64 

 

텔로미어 결합과 TRF1 단백질 안정성을 통한 텔로미어 보호에 있어 인체 

PinX1의 기능을 분자 생물학적 방법을 이용하여 규명하고자 하였다. 

HA-hPinX1을 HeLa 세포주에 과발현 후 발현 위치를 확인 한 결과, 

과발현이 유도된 세포의 51%가 핵인에서 발현 되었으며, 약 48%의 

세포에서 핵에서 발현되는 것을 확인하였다. 인체 PinX1의 핵인 위치에 

중요한 영역을 밝히기 위해 돌연변이체를 만들어 확인 한 결과, 핵인 

발현을 위해서는 인체 PinX1의 카르복실 말단이 관여하며, 아미노말단은 

텔로머라제 억제기능을 갖는 영역으로 확인되었다. HA-와 Myc-PinX1 과는 

다르게 GFP-PinX1를 HeLa 세포주에 발현 시켰을 때, 핵인에서 발현되었다.  

핵에서 발현되는 인체 PinX1은 telomere 와 (CACCAC)4 반복 염기 서열에 

결합하였으며, 핵인에 존재하는 PinX1은 TRF1과 물리적으로 결합 

하더라도 텔로미어에 결합하지 못했다. 인체 PinX1의 과발현은 TRF1의 

텔로미어 결합을 증가 시켰으며, TRF1 단백질의 세포내 안정성도 

증가시키는 것을 확인하였다. 또한 인체 PinX1의 RNAi를 이용한 발현 

저해는 TRF1의 유비퀴틴화를 증가 시켜 TRF1의 분해를 촉진시켜, TRF1 

단백질의 안정성을 감소 시켰으며, TRF1의 텔로미어 결합을 감소시켰다. 

TRF1의 텔로미어에서의 분리는 세포내 DNA 손상 반응을 활성화 시키고 

텔로미어의 손상을 유도하였다.  PinX1은 인산화 형태와 탈인사화 형태의 

TRF1 단백질과 물리적 결합을 통해 안정성을 증가시켰으며, TRF1이 

유비퀴틴화 되기전에 결합하여 안정성을 증가시키는 것을 확인 하였다.  

이상의 결과들로 볼 때 본 연구는 핵인 PinX1은 TRF1 단백질의 핵인 
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위치를 유도하고, TRF1의 텔로미어 결합과 TRF1 단백질 안정성을 

조절함으로써 텔로미어 길이 유지와 텔로미어와 염색체 말단을 보호하는 

데 중요한 역할을 한다는 것을 제시한다. 
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