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Background: Telomerase is activated in most cancer cells, and thus telomerase is an ideal target for cancer
therapy. The human liver-associated candidate tumour suppressor LPTS/PinX1, is the only human protein
reported to bind with the telomerase catalytic subunit telomerase reverse transcriptase (TERT) and inhibit
telomerase activity. The C-terminal fragment of LPTS/PinX1 (LPTS/PinX1290-328) contains a telomerase
inhibitory domain that is needed for inhibition of telomere elongation and induction of apoptosis. This study
prepared the TAT-LPTS39 (TAT-LPTS/PinX1290-328) polypeptide and analysed its effect of the tumour
growth.

Methods: LPTS/PinX1290-328 was fused with TAT [11 amino acid (aa) peptide of the HIV transactivator
of transcription protein] to generate the recombinant protein GST-TAT-LPTS39 and was transduced
into cells. Telomerase activity was identified by the telomeric repeat amplification protocol (TRAP)
and the relative telomere length (RTL) was measured by quantitative real-time polymerase chain
reaction (QPCR). The effects of the TAT-LPTS39 protein on cell growth and death were evaluated by
3-(4,5-dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT), cell culture doubling time and flow
cytometry assays. The cell derived xenograft (CDX) model was used to examine tumour growth inhibition
effect of TAT-LPTS39 polypeptide in vivo.

Results: We successfully expressed and purified the recombinant protein GST-TAT-LPTS39 in vitro.
The GST-TAT-LPTS39 protein was efficiently delivered into cells, inhibited telomerase activity and the
growth of the telomerase-positive liver cancer cells BEL-7404 and QGY7701, and induced the senescence
and apoptosis in telomerase-positive Hela, BEL-7404 and QGY7701 cells, but was ineffective to telomerase-
negative cells iz vitro. The TAT-LPTS39 polypeptide without the GST tag similarly inhibited the growth
of telomerase-positive cancer cells Hela and PLC-PRF-5 in vitro, BEL-7404 CDX tumour iz vivo and
shortened telomere length.

Conclusions: The TAT-LPTS39 polypeptide has the ability to inhibit telomerase activity and suppress
the growth of all tested human telomerase-positive cancer cells iz vitro and in vivo, suggesting a potential

anticancer drug development.
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Introduction

"Telomeres are located at the ends of linear chromosomes in
eukaryotic cells and consist of a series of simple tandem and
repeated 5'-TTAGGG-3" nucleotide sequences and related
proteins, which play a role in stabilizing chromosomes (1).
Due to linear DNA end replication problems, every division
of normal cells is accompanied by shortening of telomeres.
Critically short telomeres lead to genomic instability,
causing cellular senescence and organismal ageing (2,3).
Telomerase, which is composed of the catalytic subunit
telomerase reverse transcriptase (TERT) and the telomerase
RNA subunit telomerase RNA component (TERC), can
synthesize telomeric DNA sequences using its own RNA as
a template, compensating for the loss of telomeres during
cell division to maintain telomere length and genomic
stability (4,5). Telomerase is not expressed or expressed at a
low level in normal cells except stem cells and male/female
germline cells (6). However, it is highly expressed in most
tumour cells (7). The telomere length of tumour cells is
usually shorter than that of normal cells, but the growth
rate is much higher than that of normal cells (8). Therefore,
in theory, once telomerase activity is inhibited, tumour cells
die faster than normal cells (9). Based on this, telomerase is
considered a potential antitumour target.

LPTS, a liver-related candidate tumour suppressor
gene, is located in the human 8p23.1 region, with a high
frequency of chromosome complex deletion (10). LPTS
expression is observed in all human normal tissues but is
reduced or absent in many types of tumour cells (11,12).
LPTS is associated with the occurrence of various cancers,
such as liver, gastric, colorectal, lung, cervical cancers
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* The polypeptide TAT-LPTS39 is prepared and delivered into
the cells, where it inhibits the cell growth of telomerase-positive
tumour cells.

What is known and what is new?

¢ Although the C-terminal fragment 290-328 of LPTS/PinX1 has
been reported to inhibit telomerase activity, its effect on tumour
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human telomerase-positive cancer cells iz vitro and in vivo.
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e TAT-LPTS39 with the effect of inhibiting cancer cell growth, has
a prospect in anticancer drug development.
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(10,13-16). Overexpression of LPTS can significantly
inhibit telomerase activity, shorten telomeres, and inhibit
the growth of tumour cells, indicating that LPTS has
therapeutic potential for cancer (17-19).

Sequence analysis showed that LPTS and the telomeric
repeat DNA binding factor Pin2/TRF1 interaction protein
PinX1 are actually derived from the same gene (20). With
the forced exogenous expression of the LPTS/PinX1 gene
in cancer cells, such as hepatocellular carcinoma (HCC)
and urothelial carcinoma of the bladder cells, cellular
telomerase activity and cells proliferation were inhibited
in vitro and in vivo (10,21). These experimental results show
that the LPTS/PinX1 gene encodes an inhibitory protein
of telomerase activity. The telomere length of tumour cells
cannot be maintained; thus, cells enter the crisis period and
eventually die. More importantly, more than 94% of PinX1
heterozygous deletion mice (PinX1 +/-) developed tumours
in vivo (22), so LPTS may be a tumour suppressor and used
as an anticancer drug.

Chen ez al. reported that the C-terminal 290-328 amino
acid (aa) was the core region that inhibited telomerase
activity, and the N-terminal 1-289 aa had no obvious
inhibitory effect (23). In this study, the recombinant
protein GST-TAT-LPTS39 was constructed to fuse the
C-terminal 290-328 aa of LPTS and the cell-penetrating
peptide TAT (11 aa peptide of HIV transcription activator
of transcription protein), and a GST tag was attached at the
N-terminal of TAT-LPTS39 for purification. Purified GST-
TAT-LPTS39 entered cells rapidly, inhibited tumour cell
growth and induced cell death. Then we removed the GST
tag to obtain the polypeptide TAT-LPTS39, which could
also inhibit tumour cell growth iz vitro and in vivo. These
results indicate that TAT-LPTS39 is a promising anticancer
protein drug. We present this article in accordance with
the ARRIVE and MDAR reporting checklists (available at
https://tcr.amegroups.com/article/view/10.21037/tcr-24-
792/rc).

Methods
Cell culture and reagents

Three human telomerase-positive liver cancer cell lines
BEL-7404, QGY-7701 and PLC-PRF-5, and one human
telomerase-positive cervical cancer cell line Hela, were
purchased from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). All cells were cultured in Dulbecco’s
modified medium (DMEM) containing 10% foetal bovine
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serum (Gibco, Waltham, MA, USA) and 1% streptomycin and
penicillin with a humidified atmosphere at 37 °C in 5% CO,.

Plasmid construction

The TAT sequence was inserted into pGEX-6p-1 (Addgene,
Watertown, MA, USA) to generate the recombinant plasmid
pGEX-6p-1-TAT] and then the cDNA encoding LPTS290-
328 was cloned and inserted into the pGEX-6p-1-TAT
vector to generate the plasmid GST-TAT-LPTS290-328 by
the primers (F: 5'-CGGGATCCACCCTGAAGCCCAAA
AAG-3'; R: 5'-CCCTCGAGTTTGGAATCTTTCTTCT
TCTTC-3"). Green fluorescent protein (GFP) was cloned
and inserted into pTAT to generate pTAT-GFP (a kind gift
from M.Z.) (24).

Protein expression and purification

The recombinant plasmid was transferred into E. coli
BL21(DE3) (Beyotime Biotech, Inc., Shanghai, China), and
the culture was expanded with LB liquid medium (37 °C,
200 rpm). When the bacterial concentration reached
OD,=0.8, IPTG at a final concentration of 0.5 mM was
added to induce protein expression (37 °C, 200 rpm, 3 h).
After 3 h of incubation, the cells were harvested (8,000 rpm,
15 min). The harvested cells were lysed by ultrasonication
in buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.5). The
supernatant was centrifuged (15,000 rpm, 30 min), and the
supernatant containing GST-TAT-LPTS39 protein was
purified by GST affinity chromatography columns (Beyotime
Biotech, Inc.), further purified using size-exclusion
chromatography Superdex200 (GE Healthcare, Shanghai,
China), and tested for protein purity using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Delivery of fusion proteins into cells

Cells were seeded in 6-well plates, and when the cell density
reached 90%, the medium for cultured cells was replaced
every two days with fresh medium supplemented with GST-
TAT-LPTS39 or phosphate buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, and 1.8 mM
KH,PO,, pH 7.4), as described in reference (24).

Western blot and immunofluorescence

Cells were lysed in SDS-PAGE electrophoresis sample
buffer and separated by SDS-PAGE followed by Western
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blot using anti-LPTS/PinX1 antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA, sc-376588) and
anti-mouse tubulin antibody (Santa Cruz Biotechnology,
Inc., sc-73242). For the immunofluorescence assay, all
treated cells were extensively washed with PBS, immobilized
in cold methanol for 3 min, permeated with PBS for
10 min, and then sealed with new goat serum in PBS for
10 min. The cells were then incubated with primary anti-
LPTS/PinX1 antibodies for 60 min, rinsed three times
with PBS, and incubated with secondary fluorescein
isothiocyanate-labelled goat anti-rabbit antibodies (Santa
Cruz Biotechnology, sc-2356). The cells were then cleaned
and incubated with 4',6-diamidino-2-phenylindole (DAPT)
for 10 min to stain the nucleus. After cleaning, the lid was
sealed, and the cells were observed under a fluorescence

microscope (Olympus BX51, Shanghai, China).

Telomeric repeat amplification protocol (TRAP) assay

Cell lysates containing the GST-TAT-LPTS39 protein
were quantified by total protein quantification and diluted
to 1 mg/mL. Then, the samples were diluted to 5-7
concentration gradients, and TRAP experiments were
performed to analyse their telomerase activity as follows:
the reaction was performed in a polymerase chain reaction
(PCR) tube. The total volume was 50 pL, containing
the reaction buffer, cell lysate, dNTPs, Taq enzyme
and Ts primers (5'-AATCCGTCGAGCAGAGTT-3"),
at 25 °C extension for 30 min. Then, an Acx primer
[5'-(CCCTTA) 3CCCTAA-3"] was added. PCR was
performed (95 °C for 5 min; 30 cycles: 94 °C for 30 s, 50 °C
for 30's, 72 °C for 30 s; 72 °C for 2 min). The products
were separated by SDS-PAGE with TBE buffer in the

electrophoresis system with silver stain (25).

Cell growth assay

The cells were continuously cultured with PBS, T-GFP
(TAT-GFP) or GST-TAT-LPTS39 for 3 to 6 weeks,
then the cells (1-2 x10°/100 pL) were seeded on 96-well
culture plates and treated with the corresponding protein
or PBS solution. The cells were incubated for 7 days at
37 °Cin 5% CO, and saturated humidity. Every day for
1 week, 20 pL of MT'T solution [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] at a concentration
of 5 mg/mL was added to each well. After 4 h incubation,
the culture supernatant was carefully discarded. Dimethyl
sulfoxide (DMSO; 100 pL) was added to each well, and then
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the cells were transferred to another new 96-well culture
plate. A wavelength of 490 nm was selected to measure
the light absorption value of each well. The results were
recorded, and the cell growth curves were drawn with time
as the abscissa and absorbance value as the ordinate.

Flow cytometry analysis

Cells were seeded at 1x10’ in 96-well culture plates and
treated with PBS, TAT-GFP (T-GFP, 40 pg/mL), or GST-
TAT-LPTS39 (10, 40, 100, 200 or 300 pg/mL) for 72 h,
1 to 2 weeks, or 6 weeks. After incubation, the cells were
fixed with prechilled 70% ethanol at 4 °C for 30 min. After
washing with PBS, the cells were treated with 100 pg/mL
RNaseA and 50 pg/mL propidium iodide, incubated at room
temperature for 30 min, and the cells were counted using a
FACSCalibur flow cytometer (BD, New Jersey, USA).

p-galactosidase staining (B-gal)

The cells were treated with PBS or 200 pg/mL GST-
TAT-LPTS39 for 6 weeks, then detected by a senescence
B-Galactosidase Staining Kit (Beyotime) according to
the manufacturer’s protocol. Briefly, cells were fixed for
15 min at room temperature and then washed three times
and stained with B-gal dye for 12 h. The stained cells were
viewed under a microscope, and counted by Image] software
(version 1.8.0).

Cell culture doubling time

Cells were continuously cultured for five to 6 weeks with PBS
or 2 pM TAT-LPTS39 according to previous methods (26).
Cells were passaged every three to seven days with the same
number of cells cultured in each passage. The cell number
was counted per passage, and the cell growth was curved.
The doubling time (Dt) and the different Dt (AD¢t) are

calculated.

Measurement of the relative telomere length (RTL)

The RTL was measured as described in the reference (26).
The genomic DNA was extracted from cell by using FFPE
DNA kits (Jiangsu Cowin Biotech Co., Ltd., Beijing, China),
before diluting to 10 ng/pL. Then two pairs of primers
(GC-Telc and GC-Telg, MReflF and MReflR) were
added to each reaction system. The RTL was measured
through quantitative real-time polymerase chain reaction
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(qQPCR; TB Green® Premix Ex Tag™ II, T1i RNase H Plus,
TaKaRa, Beijing, China) and Ct and ACt were calculated.

Animal studies

All animal procedures were performed under a project
license (No. 20210601) granted by institutional committee
of the Huzhou University, in compliance with all national
or institutional guidelines for the care and use of animals. A
protocol was prepared before the study without registration.
Male BALB/c nude mice (4- to 5-week-old, 13-17 g,
GemPharmatech LLC, Nanjing, China) were raised in
standard environment, 20-26 °C, humidity 40-70%, air
changes 15-20 times/h, 12 h light/dark cycle with free
access to food and water. In cell derived xenograft (CDX)
experiments, the liver cancer cell line BEL-7404 were
injected (2x10° cells per site) subcutaneously into the right
flank of mice. One day after cell implantation, the mice were
randomized into three groups (five mice per group) and then
injected with PBS, 20 mg/kg T-GFP or TAT-LPTS39 via
the tail vein. The injections were performed 15 times every
three days. Tumour size was measured weekly with calipers,
and tumour volume was calculated as follows: volume =
(length x width?) x 0.5. The tumours were then collected
and weighed 7 weeks after inoculation.

Statistical analysis

The cell experiments were run in triplicate, and the animal
experiments were run in quintuplicate, all these n-numbers
were just technical replicates. All data were presented as
the mean + standard deviation (SD). Differences between
two groups were evaluated using Student’s #-test. and P
values <0.05 were considered statistically significant. All
the data were processed using GraphPad Prism software
(version 10.1.2).

Results

Expression and purification of the recombinant protein
GST-TAT-LPTS39

Since the constructed TAT-LPTS39 recombinant
protein clone was expressed with a GST tag, we initially
purified the protein using a GST affinity chromatography
column and verified the purified samples by SDS-PAGE.
After purification on the GST column, the protein was
concentrated and further purified by size-exclusion
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Figure 1 GST-TAT-LPTS39 purification and its inhibition of telomerase activity. (A) Chromatogram of the GST-TAT-LPTS39 protein
by a size-exclusion column Superdex200. (B) SDS-PAGE analysis of purified GST-TAT-LPTS39. (C) Various concentrations of GST-TAT-
LPTS39 as indicated were used to measure the inhibition of telomerase activity. The telomerase-containing fraction was prepared from the
cell line BEL-7404. (D) GST-TAT-LPTS39 protein inhibition of telomerase activity was measured by the TRAP assay. GST protein acted
as the negative control. GST, glutathione-S-transferase; TAT, HIV transcription activator of transcription protein; LPTS39, LPTS290-328;

SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TRAP, telomeric repeat amplification protocol.

chromatography Superdex200, as shown in Figure 14. The
molecular weight of GST-TAT-LPTS39 was approximately
31 kDa, and the protein purity was high, with almost no
impurity protein (Figure 1B). We then used the TRAP assay
to examine the telomerase inhibitory activity of the purified
protein GST-TAT-LPTS39 for four cell lines (BEL-7404,
QGY-7701, Hela and PLC-PRF-5), with a total of 50 puL.
of the reaction system. Different amounts of GST-TAT-
LPTS39 protein were added to the reaction system. The
results showed that the protein had telomerase inhibition,
and with increasing concentration, the inhibitory strength
of the protein on telomerase activity increased gradually.
When the amount of protein reached 100 ng, telomerase
activity was almost completely inhibited (Figure 1C,1D). In
the control group with 1,000 ng GST protein, telomerase
activity was unaffected, and the telomere extended normally
(Figure 1D).

© AME Publishing Company.

Delivery of the GST-TAT-LPTS39 protein into cells

In a previous study, the C-terminal of LPTS was fused to
the TAT—an 11-aa peptide that translocates across the cell
membrane. TAT-LPTS-LC was efficiently delivered into
the cells (24). BEL-7404 cells were incubated with GST-
TAT-LPTS39 to test the ability of TAT to carry GST-
TAT-LPTS39 into cells. The Western blot results indicated
that the GST-TAT-LPTS39 fusion protein was rapidly
introduced into the cell and could be detected in the cell
after two hours of incubation and remained stable for at
least 24 hours (Figure 24). Immunofluorescence experiments
also showed that GST-TAT-LPTS39 protein fluorescence
was observed in the cells after two hours of incubation and
that the fluorescence gradually accumulated in the nucleus
over time, whereas the background expression of LPTS/
PinX1 protein was barely observed in the PBS group
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Figure 2 The GST-TAT-LPTS39 protein was delivered into BEL-7404 cells. (A) The purified recombinant protein GST-TAT-LPTS39
entered the BEL-7404 cell nucleus, as detected by Western blot. The cells were incubated with proteins for the indicated times. (B)
Immunofluorescence of BEL-7404 cells treated with GST-TAT-LPTS39 and PBS after staining with DAPI. Scale bars =20 pM. PBS,
phosphate buffered saline; DAPI, 4',6-diamidino-2-phenylindole; GST, glutathione-S-transferase; TAT, HIV transcription activator of

transcription protein; LPTS39, LPTS290-328.
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Figure 3 GST-TAT-LPTS39 inhibited the growth of telomerase-positive cancer cells. (A) The inhibition of BEL-7404 cell growth was
measured by MTT assay. (B) The inhibition of QGY-7701 cell growth was measured by MTT assay. Cells were treated with PBS, T-GFP,
or various concentrations of GST-TAT-LPTS290-328 protein for the indicated times. (C) The inhibition of telomerase-negative cancer cell
Saos-2 growth was measured by MTT assay. Cells were treated with PBS, T-GFP, or GST-TAT-LPTS290-328 protein for the indicated
times. (D) The histogram showing the relative growth rate of BEL-7404 and QGY-7701 cells tested above. GST, glutathione-S-transferase;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate buffered saline; T-GFP, TAT-GFP; TAT, HIV

transcription activator of transcription protein; GFP, green fluorescent protein.

(Figure 2B). The above experimental results showed that
TAT could carry LPTS39 into cells.

GST-TAT-LPTS39 inhibited telomerase-positive tumonr
cell growth

When conducting cell culture, we observed that cells
expressing the GST-TAT-LPTS39 protein grew slowly
compared to the untreated cells. To further verify this
phenomenon, we examined the cell growth rate using
the M'TT assay. The results showed that the GST-TAT-
LPTS39 protein could significantly inhibit the growth of

© AME Publishing Company.

telomerase-positive liver cancer cells BEL-7404 and QGY-
7701 compared with PBS and T-GFP control. Compared
with the PBS group, the growth rate of BEL-7404 cells
treated with GST-TAT-LPTS39 decreased to 68.8%
(10 pg/mL), 60.8% (40 pg/mL), 40.9% (100 pg/mL), and
18.1% (200 pg/mL) (Figure 34). The growth rate of QGY-
7701 cells treated with GST-TAT-LPTS39 decreased to
62.7% (10 pg/mL), 53.7% (40 pg/mL), 38.1% (100 pg/mL),
and 8.9% (200 pg/mL) (Figure 3B). However, GST-
TAT-LPTS39 protein did not influence the growth of
telomerase-negative osteosarcoma cell Saos-2 (Figure 3C).

In conclusion, 10 pg/mL GST-TAT-LPTS39 protein
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treatment affected the growth of BEL-7404 and QGY-
7701 cells, the growth inhibition of cells was more obvious
with increasing protein concentration and 200 pg/mL
almost completely inhibited the two types of cell growth
(Figure 3D). These results indicated that GST-TAT-
LPTS39 inhibited telomerase-positive tumour cell growth.

GST-TAT-LPTS39 induced cell senescence and apoptosis

To assess whether the reduction in GST-TAT-LPTS39-
associated cell growth was induced by cell death, the cell
death rate of BEL-7404 and Hela cells was analysed. BEL-
7404 cells were treated with GST-TAT-LPTS39 protein
at final concentrations of 40, 100 and 200 pg/mL. After
72 h treatment, a single-cell suspension was collected and
prepared for FACS by PI staining. The results showed
that the percentage of dead cells increased with the final
concentration of 200 pg/mL GST-TAT-LPTS39 protein for
72 h, and the death rate reached 18.45% (Figure 44). Hela
cells were treated with GST-TAT-LPTS39 protein at final
concentrations of 100 and 300 pg/mL for different times.
Most of the Hela cells became round but remained adherent
after 24 h treatment with the GST-TAT-LPTS39 protein.
GST-TAT-LPTS39 protein at final concentrations of 100
and 300 pg/mL caused Hela cell death, with death rates of
14.02% and 17.21%, respectively, after 24 h (Figure 4B).
The above results indicated that the GST-TAT-LPTS39
protein specifically induces cell death of BEL-7404 and
Hela cells, and LPT'S39, not the TAT peptide, is responsible
for this effect. Moreover, the high concentration of TAT-
LPTS39 protein could induce death in a short time.

We also checked the morphology of BEL-7404 and Hela
cells after treatment with PBS and GST-TAT-LPTS39
protein for 6 weeks. The cells were placed under an inverted
microscope to observe the morphology. Compared with
the PBS group, cells treated with the GST-TAT-LPTS39
protein showed significant changes in morphology, with
cells becoming larger, flat and with blurred margins, which
are all changes typically associated with cellular senescence
(Figure 4C, red arrows). In addition, apoptotic cells were
observed, which became small and round with fragmented
nuclei (Figure 4C, yellow arrows). The B-galactosidase
staining result showed that more than half of the cells
became senescent at the sixth week. The percentage of SA-
B-gal-positive cells treated with the GST-TAT-LPTS39
protein was almost double that of cells treated with PBS
(Figure 4D). These data indicated that the GST-TAT-
LPTS39 protein could induce BEL-7404 and Hela cells
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senescence.

GST-TAT-LPTS39 inhibited the growth of QGY-7701
buman telomerase-positive cancer cells in a time-dependent
manner

In this study, we found that GST-TAT-LPTS39 did not
significantly induce apoptosis of QGY-7701 cells within 24 h
(data not shown). Therefore, QGY-7701 cells were treated
with GST-TAT-LPTS39 protein at final concentrations
of 10 and 40 pg/mL every other day for a long time. After
1-2 weeks of treatment, when the protein concentration
was 10 pg/mL, there was no significant change in mortality
compared with the control group. However, the cell death
rate of the 40 pg/mL treatment group reached 15.73%,
approximately three times that of the control group, and
the effect of low-concentration protein accumulation.
Extending the cell treatment time to 6 weeks increased the
death rate of cells. The death rate of 10 pg/mL GST-TAT-
LPTS39 treatment reached 19.91%, while that of 40 pg/mL
reached 34.75% (Figure 5). These results suggested that
GST-TAT-LPTS39 inhibited the growth of the human
telomerase-positive cancer cell line QGY-7701 in a time-
dependent manner.

TAT-LPTS39 suppressed the growth of buman

telomerase-positive cancer cells

The N-terminal of the recombinant protein GST-TAT-
LPTS39 contains a GST tag, approximately 26 KD, which
may cause immunogenicity and interfere with the function
of therapeutic peptide drugs. Therefore, we removed the
GST tag and obtained the TAT-LPTS39 polypeptide
without the GST tag. In our previous study we found
liver cancer cell PLC-PRF-5 with short telomere was
more sensitive to LPTS/PinX1 protein. We selected two
types of telomerase-positive cancer cells Hela and PLC-
PRF-5 to test the inhibitory effect of the TAT-LPTS39
polypeptide on cell growth. Cells were treated with TAT-
LPTS39 polypeptide for 6-7 weeks to calculate the cell
growth curve and Dt, respectively. The results showed that
Hela and PLC-PRF-5 cells treated with TAT-LPTS39
grew more slowly than cells treated with PBS (Figure 64).
The Dt of Hela cells treated with 2 pM TAT-LPTS39
increased from 27.9 to 31.1 h, with an 11% rise compared
to PBS-treated cells. The Dt of PLC-PRF-5 cells treated
with 2 pM TAT-LPTS39 increased from 41.7 to 52.5 h, a
26% rise compared to PBS-treated cells (Figure 6B). Then
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Figure 5 GST-TAT-LPTS39 induced apoptosis of QGY-7701 cells in a time-dependent manner. (A) Apoptosis of cells within 1-2 weeks
was measured by flow cytometry. (B) Apoptosis of the cells after 6 weeks was measured by flow cytometry. Cells were treated with PBS, T-GFP
or different concentrations of GST-TAT-LPTS39 protein (n=3). T-GFP, TAT-GFP; GST, glutathione-S-transferase; LPTS39, LPTS290-
328; PBS, phosphate buffered saline; TAT, HIV transcription activator of transcription protein; GFP, green fluorescent protein.
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Figure 6 TAT-LPTS39 increased the doubling time of human telomerase-positive cancer cells. (A) Growth curves of Hela and PLC-PRF-5
cells. Cells were treated with PBS or 2 pM TAT-LPT'S39 polypeptide (n=3). (B) The calculation of cell culture doubling time (Dt) and its
difference (ADt) between the PBS and 2 tM TAT-LPT'S39 polypeptide at 6 weeks. (C) The histogram showing the RTLs of Hela and PLC-
PRF-5 cells, which were measured by qPCR. PBS, phosphate buffered saline; TAT, HIV transcription activator of transcription protein;
LPTS39, LPTS290-328; RTL, relative telomere length; qPCR, quantitative real-time polymerase chain reaction.
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Figure 7 TAT-LPTS39 suppressed the xenograft tumour growth in vive. (A) PBS, 20 mg/kg T-GFP or TAT-LPTS39 polypeptide was
delivered into BEL-7404 cell xenograft mice, and the tumour volumes were calculated weekly. Data are presented as means + standard
deviation (n=5). (B) The average tumour weights were counted. **, P<0.01. PBS, phosphate buffered saline; T-GFP, TAT-GFP; LPTS39,
LPTS290-328; TAT, HIV transcription activator of transcription protein; GFP, green fluorescent protein.

we analysed the RTL by qPCR. Compared with PBS and
T-GFP group, the RTLs of Hela and PLC-PRF-5 cells
treated with the TAT-LPTS39 polypeptide were reduced
(Figure 6C). These data indicated that TAT-LPTS39 could
inhibit the growth and increase the Dt of telomerase-
positive cancer cells by shortening telomere length.

TAT-LPTS39 suppressed tumour growth
in xenografted mice

We then examined the inhibitory effect of the TAT-
LPTS39 polypeptide on tumour growth in vive through the
CDX model. In the BEL-7404 CDX models, a significant
cessation of tumour growth was observed in the TAT-
LPTS39 group compared to the PBS group, and the weight
inhibition rates were 66.7%, but the T-GFP group had
no obvious effect on tumour growth compared to the PBS
group (Figure 7). These results indicated that the TAT-
LPTS39 polypeptide could inhibit the growth of BEL-7404
cancer cell CDX.

Discussion

Telomerase is an excellent target for cancer therapy,
and candidate drugs targeting telomerase have market
prospects. As an effective therapeutic method, peptide
drugs are characterized by high activity, strong specificity,
low toxicity, clear biological function and benefit for
clinical application (27). Therefore, protein inhibitor
therapy targeting telomerase may provide a new safe and

© AME Publishing Company.

effective cancer therapy approach. LPTS/PinX1 is the only
human protein reported to inhibit telomerase activity, and
overexpression of LPTS/PinX1 could inhibit the tumour
cell growth in lung, breast, stomach, etc. (11,17,28). Early
candidate peptides had high molecular weights and poor
stability (26). Screening new LPTS functional peptides with
good stability, high inhibitory activity and easy preparation
will help to improve the feasibility of their application for
the clinical treatment of cancer.

The 39 aa peptide of LPTS/PinX1, a 290-328 aa
fragment, can bind to hTERT. Importantly, LPTS/PinX1
290-328 aa exhibited stronger telomerase inhibitory activity
than the full-length LPTS/PinX1 protein (23). In this study,
we successfully expressed and purified the recombinant
protein GST-TAT-LPTS39 in vitro. The recombinant
GST-TAT-LPTS39 could quickly enter the cell and be
present for at least 24 h, indicating that it was relatively
stable, which was an important property of protein drugs.
Our previous study found that the LPTS/PinX1133-328
could inhibit the growth of eight types of liver cancer cell
lines, indicating its potential as a broad-spectrum drug
candidate for liver cancer treatment (26). Our novel GST-
TAT-LPTS39 protein also could affect the growth of
telomerase-positive liver cancer cells BEL-7404 and QGY-
7701, but was ineffective to telomerase-negative cell Saos-2,
indicating that the anticancer ability of GST-TAT-
LPTS39 is specific by targeting telomerase. The telomerase
inhibitory activity of GST-TAT-LPTS39 protein was
detected in vitro, while the inhibition strengthened with
increasing protein concentration. Therefore, GST-TAT-
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LPTS39 protein, based on the telomerase inhibitory
activity, has good research and development prospects for
cancer therapy.

Our further study revealed that the GST-TAT-LPTS39
protein could induce senescence of telomerase-positive
cancer BEL-7404 and Hela cells. Some senescent cells
could continue to divide and undergo severe telomere
shortening, which eventually results in crisis, including
chromosome fusion and cell death (29). The GST-TAT-
LPTS39 protein had no obvious effect on the cell apoptosis
of QGY-7701 liver cancer cells in a short period of time,
and the death rate gradually increased with increasing time.
After 6 weeks, even at a low concentration of 10 pg/mL,
there was a strong cell death rate. This demonstrated that
the effect of the GST-TAT-LPTS39 protein on liver cancer
cell QGY-7701 was time dependent.

For the subsequent development of peptide drugs, we
removed the GST tag from the protein GST-TAT-LPTS39
and obtained a highly pure TAT-LPTS39 polypeptide
containing 53 aa. The TAT-LPTS39 polypeptide could
inhibit the growth of telomerase-positive cancer cells
in vitro and in vivo. Although the difference of Hela cell
growth in division time was only 11%, we found the
inhibitory effect of TAT-LPTS39 polypeptide on Hela
cell growth gradually increased over time. Moreover, after
treatment with TAT-LPTS39 polypeptide, the RTLs of
telomerase-positive cancer cells were shortened, which
further showed that the ability of TAT-LPTS39 to inhibit
tumor cell growth was achieved by inhibiting telomerase
activity and then shortening telomere length. Compared
with our previously reported TAT-LPTS133-328 (TLC)
recombinant protein, its size is only 1/4 of TLC and showed
good ability to inhibit the growth of cancer cells (26).
Therefore, TAT-LPTS39 has a better prospect in the
development of protein drugs.

Although the TAT-LPTS39 polypeptide could
effectively inhibit the growth of tumour cells, there is still
a lot of work to be done to enter clinical anticancer drug
development. Firstly, our study only showed that TAT-
LPTS39 polypeptide inhibited the growth of liver cancer
and cervical cancer cells, and subsequent broad-spectrum
studies are necessary. Secondly, TAT-LPTS39 polypeptide
worked slowly on inhibiting tumour cell growth. Therefore,
combining TAT-LPTS39 polypeptide with other drugs
can be considered to improving anticancer activity. The
telomerase inhibitor BIBR1532 was used in combination
with paclitaxel to inhibit the telomerase activity in breast
cancer cells (30). However, telomerase inhibitors have not

© AME Publishing Company.
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been achieved successful application in clinical trials as
anticancer drugs due to their toxic and side effects in other
cell types such as stem cells which also have telomerase
activity (31). The development of anticancer drugs specific
for telomerase with low toxicity is demanding.

Conclusions

We constructed the recombinant protein GST-TAT-
LPTS39 by fusing the C-terminal 290-328 of LPTS and
the cell-penetrating peptide TAT. Purified GST-TAT-
LPTS39 could quickly enter cells and inhibit telomerase-
positive cell growth by inducing cell crisis and death.
Moreover, to reduce the effect of the GST tag, TAT-
LPTS39 was prepared. The study found that TAT-LPTS39
still has a good ability to inhibit the growth of telomerase-
positive cancer cells in vitro and in vivo, which laid a good
foundation for subsequent anticancer drug development.
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