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Suppression of PinX1 resulted in telomere dysfunction and enhanced
radiosensitivity in osteosarcoma cell lines
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Telomeres have emerged as a promising and important factor modulating cellular and organism responses to ionizing radia-
tion (IR). Pin2/TRF1 interacting protein X1 (PinX1) is an intrinsic telomerase inhibitor and a putative tumor suppressor gene in
human cancers. The aim of this study is to investigate the role PinX1 in osteosarcoma (OS) radioresistance. A telomerase-positive
OS cell line Saos-2 and a telomerase-negative OS cell line U20S were used. PinX1 shRNA lentiviral vetors were constructed
and transfected to cells. PinX1 expression was determined by real-time quantitative PCR (qQPCR) and Western blotting. Relative
telomere length (RTL) was detected by using gPCR. Flow cytometric analysis was used to detect cell cycle and apoptosis. Radio-
sensitivity was determined by colony formation assay. Data showed that, PinX1 knockdown resulted in telomere shortening, G,
phase arrest, increased apoptosis and enhanced IR sensitivity both in Saos-2 and U20S cell lines, regardless of telomerase status.
Our study concluded that PinX1 could serve as a novel predictor for radiotherapy response to OS patients, and the pathway of
PinX1-mediated telomere stability might represent a new target to improve the radiotherapy effect of OS.
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Osteosarcoma (OS) is the most common primary solid
bone tumor in adolescents. Despite the combination of
neoadjuvant chemotherapy and radical surgery, a 5-year sur-
vival rate is not improved as a result of local recurrence and
metastases [1]. Ionizing radiation is one of the most effective
approaches for local control, and the benefits of preoperative
radiotherapy in OS include reducing tumor viability before
surgery, increasing the probability of performing limb-
sparing surgery, and decreasing the risk of local recurrence
[2]. However, many OS patients present the characteristic of
radioresistance, consequently preventing successful treatment
[3,4]. Therefore, the molecular mechanism of radiotherapy
resistance in OS should be focused on.

Recently, telomeres have emerged as a promising and im-
portant factor modulating cellular and organism responses
to ionizing radiation (IR). Many studies have shown that
telomere shortening and dysfunction impair DNA repair
and significantly modulates the effects of IR [5,6]. Pin2/TRF1
interacting protein X1 (PinX1) is a newly cloned gene mapped
to chromosome 8p23.1, a region frequently associated with

loss of heterozygosity (LOH) in cancer [7]. Previous studies
have identified PinX1 as a critical component in regulating
telomerase activity both in vitro and in vivo. Overexpression of
PinX1 in tumor cells could inhibit telomerase activity, shorten
telomeres, and suppress tumor growth, whereas depletion of
endogenous PinX1 has the opposite effects [8,9]. However,
the molecular status of the PinX1 gene and its expression
patterns showed contradictory between different types of
tissues and tumors [10-12], suggesting that the abnormalities
and/or functions of PinX1 in tumorigenesis are complicated
and may be tumor-type-specific. To date, knockdown of
PinX1 was found to substantially increased the radiotherapy
effect of esophageal squamous cell carcinomas (ESCC) [13].
These results prompted us to investigate the role PinX1 in OS
radioresistance.

Materials and methods

Cell lines. A telomerase-positive OS cell line Saos-2 and
a telomerase-negative OS cell line U20S were purchased from
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the Cell Bank of the Chinese Academy of Science, Shang-
hai, China. The cells were cultured in RPMI-1640 medium
(Hyclone) supplemented with 10% fetal bovine serum and
antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin)
at 5% CO,, 37°C, and 95% humidity.

Construction of the recombinant lentiviral vector and
transfection. The construction of the PinX1 shRNA lentivi-
ral expression vector has been previously determined [14].
Saos-2 or U20S cells were incubated in medium without
serum and antibiotics for 24 h. After mixed gently according
to the manufacturer’s instructions and incubated for 20 min
at room temperature, the transfection mixture of siRNA and
Lipofectamine 2000 (Invitrogen) was added into culture plates.
After 6 h, the transfection mixture was replaced by medium.
Cells were harvested at 48 h after transfection.

Real-time quantitative PCR (qPCR). Total RNA was
isolated using TRIzol reagent (Invitrogen). Reverse tran-
scription reaction was performed using 2 pg of total RNA
with a first strand cDNA kit (Takara). PCR amplification was
performed for 20 s at 95°C, followed by 40 cycles at 95°C for
5 s, and annealing/extension at 60°C for 30 s in ABI 7300
Thermocycler (Applied Biosystems), using the SYBR Premix
Ex Taq kit (Takara). The PinX1 sense primer was 5-AT-
GTCTATGCTGGCTGAA-3, and the antisense primer was
5-TCTGTGGCTCCTTGCT-3 For the GAPDH gene, the
sense primer was 5’- CCCACATGGCCTCCAAGGAGTA -3;,
and the antisense primer was 5- GTGTACATGGCAACT-
GTGAGGAGG -3’ Data analysis was done using the 24¢T
method for relative quantification, and all samples were
normalized to GAPDH.
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Genomic DNA was extracted from cells by standard
procedures using QIAamp DNA Mini Kit (Qiagen, Hilden,
Germany). Relative telomere length (RTL) was detected by
using qPCR described by Cawthon previously [15].

Western blotting. Cell lysates were made with standard
methods, then 20 pg of protein samples were separated by
5% SDS-PAGE, and transferred to polyvinylidene fluoride
(PVDEF). After blocked with a buffer containing 5% low fat
milk and 0.1% Tween-20 in Tris-buffered saline (TBST), the
PVDF membrane was incubated with a mouse anti-human
PinX1 polyclonal antibody (Abnova, Taipei City, Taiwan)
and second antibody. Finally, results were photographed with
ECL substrate.

Flow cytometric analysis. Cells were harvested di-
rectly or 48 h after transfection and washed with ice-cold
phosphate-buffered saline (PBS). The PI/RNase staining kits
(Multisciences Biotech, Hangzhou, China) and annexin V-
fluorescein isothiocyanate (FITC) apoptosis detection Kits
(KeyGEN Biotech, Nanjing, China) were used to detect cell
cycle and apoptosis in a FACScan instrument (Becton Dick-
inson), respectively.

Colony formation assay. The cells were plated into 6-well
plates at various densities (100, 200, 400, 600, 1000, 1500, 3000
cells/well) with 2 mL culture medium. The next day, cells were
irradiated with graded doses (0, 1, 2, 4, 6, 8, 10 Gy), respec-
tively, followed by immediate incubation at 37°C, 5% CO, for
14 days. The clones when greater than 50 cells were counted
under microscope. The cloning efficiency (%) = (the number
of clones / the number of seed cells) x100%. The data were
fit into the single-hit multi-target model and survival curve
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Figure 1. Effect of PinX1 RNAi on the mRNA and protein expression levels in OS cell lines. (A) mRNA expression levels of PinX1 were detected by qPCR.
(B) PinX1 protein expression levels in PinX1 siRNA-infected and control cells were detected by Western blotting. *P < 0.05.
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of each group were demonstrated by formula y=1-(1-exp(-
k*x))AN using Graphpad prism 5.0 software. The cell-survival
curve used the irradiation dosage as the abscissa axis and the
survival fraction (SF) as the vertical axis, cells’ constant (k) and
extrapolation number (N) values were calculated according
to the curve. The average lethal dosage of cells (D0) and the
quasi-field dosage (Dq), which indicates the repair ability of
cells to sublethal injury, were calculated as follows: D =1/k,
Dq=(N-1)/k.

Statistical analysis. Results for continuous variables were
expressed as mean * SD. Differences were assessed using
Student’s t-test. A value of P<0.05 was considered statistically
significant. All analyses were performed using SPSS 16.0 soft-
ware (SPSS Inc., Chicago, IL, USA).

Results

PinX1 expression was suppressed by RNA interference
(RNALI). To verify the inhibition efficiency of PinX1 in Saos-2
and U20S cells, PinX1 expression was detected by qPCR and
Western blotting. Expression of PinX1 mRNA (Figure 1A)
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Figure 2. Detection of relative telomere length. PinX1 knockdown short-
ened telomere length in Saos-2 and U20S cells, as compared with the
mock-transfected and control groups. *P < 0.05.

and PinX1 protein (Figure 1B) in RNAi group were both
significantly decreased in the two cell lines, as compared with
negative control or mock vector group.

Relative telomere length in OS cell lines was detected by
qPCR. As shown in Figure 2, RTLs of negative control, mock
vector and RNAi group were 1.60 + 0.10, 1.55 £ 0.09 and 0.71
£ 0.08, respectively, in Saos-2 cells, while the results were 1.48
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Figure 3. Flow cytometry assay of cell cycle. PinX1 down-regulation resulted in cell arrest in G, phase of cell cycle and a slight decrease of S phase or G,
phase in Saos-2 and U20S cells, as compared with the mock-transfected and control groups.
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Table 1. Effects of PinX knockdown on OS cells survival after irradiation

Saos-2 U208
G
roup SF2 D, (Gy) D, (Gy) SER_ SF2 D, (Gy) D (Gy) SER_
Control 0.842 £ 0.012 2.83 5.97 0.776 £ 0.015 3.03 3.42 -
SiRNA-NC 0.838 +£0.015 2.76 5.57 1.004 0.760 + 0.021 2.95 3.11 1.021
SiRNA-PinX1 0.631 + 0.018* 2.47 1.86* 1.334 0.545 + 0.016* 2.18* 1.34* 1.424

SF2, surviving fraction of 2 Gy; D, mean lethal dose; D , quasithreshold dose; SER, sensitization enhancement ratio.

* P<0.05

+0.12, 1.51 + 0.14 and 0.89 + 0.06 in U20S cells. RTL was
much shorter in SiRNA-PinX1 group of both cell lines. These
data indicated that down-regulation of PinX1 expression could
shorten telomere length in Saos-2 and U20S cells.

Effects on cell cycle and apoptosis. Flow cytometry assay
was performed to analyze the effects of PinX1 knockdown
on cell cycle and apoptosis of OS cells. As shown in Figure 3,
decreased expression of PinX1 resulted in cell arrest in G,
phase of cell cycle and a slight decrease of S phase or G, phase

in Saos-2 and U20S cells, as compared with the mock vector
and control groups (P<0.05). Meanwhile, suppression of PinX1
induced a dramatic increase of apoptosis in the two cell lines,
as cells’ proportion in up right (UR) quadrant (late apoptosis
cells) and low right (LR) quadrant (early apoptosis cells) was
increased (P<0.05, Figure 4).

Knockdown of PinX1 resulted in increased radiosensi-
tivity. To study whether PinX1 affected radiosensitivity, cell
survival was evaluated by clonogenic assay following 0~10 Gy
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Figure 4. Flow cytometry assay of apoptosis. SiRNA-PinX transfected groups showed a dramatic increase of apoptosis, as compared with the mock-
transfected and control groups. Up left (UL), Necrosis cells; Low left (LL), Normal cells; Up right (UR) Late apoptosis cells; Low right (LR), Early
apoptosis cells.
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Figure 5. Effects of PinX knocdown on OS cells survival after irradiation. The cells in different groups were irradiation with graded doses (0, 1, 2, 4, 6,
8, 10 Gy), respectively. Cell survival was determined using colony formation assay and then survival curves of each group were analyzed according to

Graphpad prism 5.0 software. (A) Saos-2 cell line. (B) U20S cell line.

radiation. As shown in Table 1 and Figure 4, PinX1 knockdown
significantly decreased the value of SF2 (surviving fraction of
2 Gy) and D_ both in Saos-2 and U20S cells, and decreased
the D, value in U20S cells (P<0.05). The sensitization en-
hancement ratio (SER,) in Saos-2 and U20S cells was 1.33
and 1.42, respectively. These data showed that suppression of
PinX1 increased the radiosensitivity of OS cells, regardless of

telomerase status.

Disscussion

Telomere/telomerase interplay is an important mechanism
involved in the maintenance of genetic chromosome stability
and its dysfunction has emerged as having a causative role in
carcinogenesis [16]. Telomeres provide genomic stability by
protecting chromosome ends. However, for several reasons,
telomeres shorten with each round of DNA replication and
can eventually become uncapped by this attrition, leading
to their recognition as DNA breaks and thus to permanent
cell-cycle arrest or apoptosis [17]. Maintenance of telomere
length by telomerase is critical to preserving the replicative
potential of cancer cells [19]. In addition to telomerase,
a large number of factors help maintain telomere integrity.
In mammals, chief among these are the members of the shel-
terin complex, including the duplex telomere repeat binding
proteins TRF1 and TRF2 [19]. Shelterin proteins recruit
a host of other factors to the telomere including PinX1 [20].
TRF1 binds PinX1, which directly interacts with and inhibits
telomerase action [21].

PinX1, an evolutionary conserved nuclear protein, was
originally identified as an intrinsic telomerase inhibitor and
a putative tumor suppressor because of its binding to, and
inhibition of, telomerase. Other functions of PinX1 include
human telomerase reverse transcriptase nucleolar localiza-
tion and being involved in faithful mitotic chromosome
segregation [22,23]. PinX1 is downregulated in most human
malignancies and cancer cell lines examined, and PinX1 levels

were inversely correlated with tumor multiplicity, advanced
N classification, high proliferation index, and poor survival
[24]. Also, functional analysis showed that transfection with
PinX1 induced apoptosis, G, arrest, and cellular senescence
in colorectal cancer cells [10], whereas knockdown of PinX1
dramatically enhanced paclitaxel cytotoxicity in cervical sq-
uamous cell carcinomas [25]. Recently, Qian et al [13] found
that, knockdown of PinX1 substantially increased ESCC cells’
therapeutic efficacy of radiation both in vitro and in vivo, while
ectopic overexpression of PinX1 decreased ESCC cells’ radio-
sensitivity. Furthermore, PinX1 resistance to radiotherapy was
attributed to PinX1 maintaining telomere stability. Consist-
ent with these studies, we found PinX1 deletion resulted in
telomere shortening, increased apoptosis, G, phase arrest and
radiation sensitivity enhancement both in telomerase-positive
OS cell line Saos-2 and telomerase-negative OS cell line U20S,
suggesting that PinX1 could serve as a novel predictor for
radiotherapy response to OS patients, and the pathway of
PinX1-mediated telomere stability might represent a new
target to improve the radiotherapy effect of OS.

Many and varied mechanisms of resistance to IR treatment
are proposed. Among them, an inverse relationship between
telomere length (TL) and radiosensitivity has been recently
advanced [26]. Late passage normal human fibroblasts with
short telomeres are more sensitive to IR than their younger
counterparts with longer telomeres [27]. Even individuals with
short telomeres have been shown to have higher frequencies
of IR-induced micronuclei, a commonly used marker of cell
damage and DNA double-strand break (DSB), than individuals
with longer telomeres [28].

Moreover, radiosensitivity is fairly well correlated with
inhibition of telomerase activity in human cancer cells. The
ability of telomerase confer radioresistance may depend on
its ability to preferentially elongate short, near-dysfunctional
telomeres and protect cells from IR-induced apoptosis and
necrosis [29]. In the present study, knockdown of PinX1
enhances tumor radiosensitivity and shorten TL regardless
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of telomerase status, which indicated that PinX1 resulted in
telomere dysfunction in telomerase-independent mechanisms.
Previous study have shown that, the enhanced radiosensitivity
observed in telomerase-deficient cells with short telomeres
may be due to chromosome fusions that occur between the
short telomeres and the radiation-induced DSBs, which inter-
fere with the proper repair of the DSB, leading to the formation
of chromosomal rearrangements [30,31].

Radiosensitivity may also be closely linked with impair-
ment of DNA damage response (DDR) processes. Telomere
shortening may cause increased radiosensitivity by altering the
kinetics of repair due to changes in chromatid structure that
limits the access of DDR proteins [32]. However, the relation-
ships between IR, radiosensitivity, TL, telomerase activity, and
DDR, and the role of PinX1 still remain inconclusive.

In conclusion, we demonstrate that suppression of PinX1
resulted in telomere shortening and enhanced radiosensitivity
in OS cell lines, regardless of telomerase status. The specific
mechanisms need further study.
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