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1. Introduction

Telomerase is a cellular reverse transcriptase that catalyzes
the synthesis and extension of telomeric DNA. In the absence
of telomerase, telomeres shorten as cells divide until
senescence [1]. Telomerase activity is undetectable in normal
somatic cells. However, the length of telomere is stabilized
and telomerase activity can be detected in about 85% of cancer
cells. Reactivation of telomerase is believed to be involved in
cellular immortalization and tumorigenesis [2]. In our pre-
vious study, we found that loss of telomerase activity may be a
potentially favorable prognostic marker in lung carcinomas
[3]. Therefore, telomerase has been proposed to represent a
marker for carcinogenesis and potentially a selective target for
cancer therapy.

The telomerase complex is composed of telomerase
reverse transcriptase (TERT), which functions as the catalytic
subunit of telomerase [4] and telomerase RNA (TR), and as a
template for telomere elongation. Expression of hTERT
correlates with telomerase activity during cellular differentia-
tion and neoplastic transformation in a variety of cancers [5-
7], suggesting that hTERT may be transcriptionally regulated
[8]. Multiple mechanisms may regulate hTERT expression and
activity. Transcription factors, for example, are involved in the
up-regulation or down-regulation of hTERT transcriptional
activity [9,10], and the transactivator of hTERT, c-Myc, has
received much attention.

In addition to transcriptional regulation, hTERT activity
might be regulated by posttranslational modifications. Akt
and protein kinase C (PKC), for example, contribute to the
post-transcriptional regulation of the enzyme activity by
kinase phosphorylation [11,12]. Another possible mechanism
for posttranslational modulation of telomerase activity is
through the interaction between hTERT and accessory
proteins. For example, 14-3-3 proteins and nuclear factor-«B
(NF-kB) possibly act as posttranslational modifiers of telomer-
ase by controlling the intracellular localization of hTERT
[13,14]. Some studies have found that expression of hTERT is
very stable, with no significant changes in hTERT protein
expression profile, when keratinocyte is treated with thapsi-
gargin for a period of 6 days [15,16]. The 26 S proteasome is a
primary constituent of the protein degradation apparatus of
the cell and is responsible for the elimination of >80% of all
cellular proteins. For instance, the up-regulation of telomerase
activity in human T lymphocytes has been associated with the
phosphorylation of hTERT protein and its nuclear transloca-
tion [17]. Changes in subcellular location of hTERT can activate
telomerase through phosphorylation of hTERT and its
translocation to the nucleus.

A group of fungal immunomodulatory proteins (FIPs) has
been isolated and purified from Ganoderma tsugae (FIP-gts).
These proteins are mitogenic in human peripheral blood
lymphocytes (hPBLs) and mouse splenocytes. Activation of
hPBLs with FIPs results in the increased production of the
molecules IL-2 and IFN-y and tumor necrosis factor-a
associated with ICAM-1 expression [18,19]. FIPs may also
have anticancer effects. Our previous study found that reFIP-
gts significantly and selectively inhibits the growth of A549
cancer cells but does not affect normal MRC-5 fibroblasts.
reFIP-gts has also been found to suppress telomerase activity

and to inhibit the transcriptional regulation of hTERT through
a c-Myc-responsive element-dependent mechanism [20].

ER stress is induced when excess wild-type or misfolded
proteins from extra-cellular endocytosis or intra-cellular
production accumulate in the ER [21]. The ER serves several
important functions, including post-translational modifica-
tion, folding and assembly of newly synthesized proteins, and
regulated calcium storage [22]. When ER is stimulated by
agents, such as thapsigargin, that inhibit the Ca®>*-ATPase, it
stores large amounts of Ca®* which are released into the
cytoplasm [23,24]. Calcium might be a key regulator in this
process. Calcium-induced differentiation has been associated
with inhibition of telomerase activity in keratinocytes [16,25],
and ingested calcium has been reported to induce telomerase
activity in ovarian epithelial cells through c-jun NH2-terminal
kinase (JNK) and proline-rich tyrosine kinase-dependent
pathway (Pyk2) [26].

We hypothesized that reFIP-gts diffuses in ER, causing ER to
release calcium into cytosol where alteration of the telomer-
ase inhibits telomerase activity. Using immunocytohisto-
chemical staining to observe translocation of hTERT and
using fluor-3AM to detect levels of calcium, we found that ER is
a target for reFIP-gts and decreased telomerase activity may be
mediated by calcium-derived ER stress.

2. Materials and methods
2.1. Cell lines and chemicals

We obtained A549 human lung adenocarcinoma cells and
H1299 human NSCLC cells from the American Type Culture
Collection. Both cell lines were maintained at 37 °Cin a 5% CO»
humidified atmosphere in Dulbecco’s modified Eagle’s med-
ium (DMEM)(GIBCO, Rockville, MD) containing 10% fetal
bovine serum (FBS; Life Technologies, Inc., Rockville, MD)
and 100 ng/ml each of penicillin and streptomycin (Life
Technologies, Inc.). A549-p53 RNAI stable cell line was kindly
provided by Dr. J.T. Chang (CSMU, Institute of Medical and
Molecular Toxicology, Taichung, Taiwan). H1299-p53 stable
cell line was developed as previously described [27]. Thapsi-
gargin, cycloheximide, 1,2-bis (2-aminophenoxy) ethane
N,N,N’,N’-tetraacetic acid (BAPTA-AM) and Z-Leu-Leu-Leu-al
(MG132) were obtained from Sigma (St. Louis, MO, USA). Furo-3
AM and pluronic acid F-127 were purchased from Molecular
Probes (Eugene, OR, USA). Leptomycin B (L-6100) was obtained
from LC Laboratories (Woburn, MA, USA).

2.2.  Assay for telomerase activity

Telomerase activity was measured using the modified
telomere repeat amplification protocol (TRAP) assay. Briefly,
pelleted cells were lysed with 100 pl of 1X CHAPS lysis buffer
(10 mM Tris-HCl [pH 7.5], 1 mM EGTA, 0.5% CHAPS, 10% [v/V]
glycerol, 5mM p-2-mercaptoethanol and 0.1 mM phenyl-
methylsulfonyl fluoride), incubated on ice for 30 min and
centrifuged for 30 min at 4 °C (13,000 x g). The concentration
of protein in the supernatant extracts was measured using
BSA Protein Assay Kit (Pierce, IL, USA). TRAP assay was
performed as previously described [20], with only minor
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modifications, using a set of primers (TS, 5-AATCCGTCGAG-
CAGAGTT-3; ACX, 5-GCGCGGCTTACCCTTAC CCTTACCC-
TAACC-3;) and an internal standard, NT, 5-ATCGCTTC-
TCGGCCTTTT-3' and TSNT (5-AATCCGTCGAGCAGAGT-
TAAAAGGCCGAGAAGCGAT-3'). Reaction mixtures were incu-
bated at 25 °C for 30 min for telomerase-mediated extension
and the samples were heated to 85°C for 10min. Taq
polymerase was added and each sample was amplified for
30 cycles of polymerase chain reaction (PCR) amplification
(94 °Cfor30s, 59 °Cfor 30 sand 72 °C for 90 s) in a DNA thermal
cycler (GeneAmp PCR System 2400, PerkinElmer Co., Norwalk,
CT, USA). TRAP products were resolved by 12.5% (w/v) non-
denaturing polyacrylamide gel electrophoresis (PAGE) and
visualized by staining with ethidium bromide. Activity of each
sample was normalized to that of 50ng of total cellular
protein. Signal intensity in each lane was determined by
measuring the area occupied by the first 6 ladders from the
bottom of the gel using Multilmage™ (Alpha Innotech
Corporation). Relative telomerase activities were quantified
by comparing the signal intensities of the lanes with those of
the positive controls (extract of untreated cells), with an
intensity of 100% considered the standard.

2.3. Isolation of RNA and RT-PCR

Total cellular RNA was extracted from cells using the guanidium
thiocyante method [18]. Then, cDNA was reverse-transcribed
from 1 pg total cellular RNA using random hexamer primers
and murine leukemia virus reverse transcriptase. The primer
sequences used for PCR amplification were: GADD153 sense 5'-
GCCTTTCTCTTCGGACACTG-3' and antisense 5-TCAC-
CATTCGGTCAATCAGA-3' [28]; hTERT sense S5'AGTTCCT-
GCACTGGCTGATG AGT3 and antisense 5'-CTCGGCCCTCTTT-
TCTCTGCG-3' [20]. One microliter of cDNA (100ng) was
amplified in a reaction volume of 50 pl containing 0.5 units of
Taq polymerase (Ex taq, TaKaRa), 200 mM dNTPS, 10 mM Tris—
HCl (pH8.0), 1.5 mM MgCl,, 75 mM KCl and 20 pmol of each
primer. The PCR reaction involved denaturation (94 °C, 5 min)
followed by 35 cycles for GADD153, each consisting of
denaturation (94°C, 1min), annealing (55°C, 1min) and
extension (72 °C, 2 min) with a final extension phase (10 min).
The PCR reaction was performed on a programmable thermal
controller instrument-thermal cycler Model 2400.

Meanwhile, the same amount of cDNA was amplified using
specific B-actin including sense and antisense primers
(CAGGGAGTGATGGTGGGCA, CAAACATCATCTGGT CATCTT-
CTC), according to the manufacturer’s instructions (Life
Technologies). The samples underwent 1 cycle of 5min at
94 °C followed by denaturation (94 °C, 1 min), annealing (60 °C,
1min) and extension (72°C, 2min), and an additional 27
cycles. The final cycle was modified to allow for a 10-min
extension at 72°C. The products were visualized using
electrophoresis on 1.5% agarose gel and stained with ethidium
bromide. We confirmed the quality of cellular mRNA by
measuring the intensity of B-actin.

2.4. Chromatin immunoprecipitation (CHIP) analysis

To analyze chromatin immunoprecipitation, we modified a
method described in a previous report [29]. Following treat-

ments for 24h at various concentrations of reFIP-gts,
approximately 2 x 10’ adherent A549 cells were cross-linked
for 15 min at 25 °C by adding 11% formaldehyde stock (50 mM
HEPES-KOH at pH 8; 1 mM EDTA; 0.5 mM EGTA; 100 mM NacCl;
11% formaldehyde) to a final concentration of 1% formalde-
hyde for 15 min. Cross-linking was stopped by adding glycine
to a final concentration of 125mM for 5min. The cell
monolayers were rinsed with ice cold phosphate buffered
saline, scraped into 50-ml conical tubes, and centrifuged at
600 x g for 5min at 4 °C. Pellets were aspirated and resus-
pended in 10 ml lysis buffer (50 mM HEPES-KOH at pH 8; 1 mM
EDTA; 0.5 mM EGTA; 140 mM NaCl; 10% glycerol; 0.5% NP-40;
0.25% Triton X-100; 1 mM PMSF; 5 ug/ml each of leupeptin,
pepstatin A, and aprotinin) and incubated for 10 min at 4 °C.
The crude nuclei were collected by centrifugation (600 x g for
5 min at 4 °C), resuspended in 10 ml wash buffer (10 mM Tris—
HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 200 mM NaCl; 1 mM
PMSF; 5 ng/ml each of leupeptin, pepstatin A, and aprotinin)
and incubated again. Washed nuclei were centrifuged as
described earlier and resuspended in 2 ml of 1x RIPA Buffer
(10 mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 140 mM
NaCl; 1% Triton X-100; 0.1% Na-deoxycholate; 0.1% SDS; 1 mM
PMSF; 5 pg/ml each of leupeptin, pepstatin A, and aprotinin).
Samples were sonicated (power setting 5) with a Branson
Sonifier 250 with a microtip in 20-s bursts followed by 1 min of
cooling on ice for a total sonication time of 3 min per sample.
This procedure resulted in DNA fragment sizes of 0.3-1.5 kb.
Samples were then centrifuged in an Eppendorf 5415C
centrifuge at 16,000 x g for 10 min at 4 °C. To 600-ul aliquots
of cleared chromatin extract, 2 ug of anti-c-Myc (Santa Cruz
Biotechnology) antibodies were added. The mixture was
incubated with rotation at 4 °C for 18 h with 20 pl of precleared
50% slurry Protein A/G beads (Zymed) in 1x RIPA Buffer
containing 100 pg/ml sonicated salmon sperm DNA. After
bead rotating, samples were centrifuged at 600 x g and the
pellets were washed twice with 1x RIPA buffer, once with 1x
RIPA buffer containing 100 pg/ml salmon sperm DNA for 5 min
with rotation, five times with 1x RIPA buffer containing
500 mM NaCl final plus 100 pg/ml salmon sperm DNA for
5 min with rotation, and once again with 1x RIPA buffer. Then,
100 pl of digestion buffer were added (50 mM Tris at pH §;
1 mm EDTA,; 100 mM NacCl; 0.5% SDS; 100 pg/ml proteinase K)
for 6 h at 65 °C to reverse cross-links. DNA was phenol-CHCl;
extracted once, CHCl; extracted once, and ethanol precipi-
tated in the presence of 20pg glycogen. Pellets were
resuspended in 20 pl TE, and used for PCR amplification of
the hTERT gene promoter DNA. The primers for hTERT PCR
were 5-CGCGCTTCC CACGTGGCGGAGGGA -3 and 5-
CCCACGTGCGCAGCAGGACGC A-3' for a 254-bp TERT promo-
ter DNA. Normal IgG was used as a negative control.

2.5. Intracellular free calcium measurements

Cells were grown on poly-L-lysine-coated glass coverslips at
5 x 10* cells in 35 mm dish, and then treated with 1.2 pM
reFIP-gts for 6, 12 and 24 h or with 2.5 pM Thapsigargin for 6
and 24 h. Other cells were pretreated with 20 uM BAPTA-AM
for 1 h and then treated with 1.2 pM reFIP-gts for 24 h. Cells
were rinsed twice with Hank’s buffered salt solution (HBSS)
(20 mM HEPES, 10 mM glucose, 150 mM NacCl, 1.2 mM CacCl,,
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Fig. 1 - Effect of reFIP-gts on telomerase activity and hTERT expression in A549 cells. (A) Effect of reFIP-gts on the level of
telomerase activity in A549 cells. Twenty-four hours after plating, cells were exposed to various concentrations of reFIP-gts
(0, 0.3, 0.6 and 1.2 pM) for 48 h. Cell pellets were collected and subjected to TRAP assay. NG, negative control used lysis
buffer only. Internal control, the 36-bp internal standard was used as control. (B) Total cellular RNA from A549 cells,
untreated or treated with 0.3, 0.6 and 1.2 pM reFIP-gts for 12 h, analyzed using RT-PCR for hTERT and B-actin for mRNA
expression. Representative photograph from an experiment repeated three times. (C) ChIP assay was performed on reFIP-
gts-treated A549 cells (0, 0.6 and 1.2 pM) for 24 h, and the precipitated chromatin was PCR-amplified with the use of specific
primers with E-boxes in the hTERT promoter. In vivo identification of reciprocal E-box occupancy by c-Myc at the hTERT
promoter in A549 cells was carried out. IgG antibodies were used as negative control. Input: PCRs performed on total
chromatin from A549 cells.

DAPI

Overlap

Fig. 2 — Subcellular localization of reFIP-gts in A549 cells. A549 cells treated with 1.2 pM reFIP-gts for 24 h. Cells were fixed,
permeabilized and labeled with anti-reFIP-gts mAb (Rhodamine-Red), ER dye (FITC-Green) and DAPI stain (DAPI-Blue). The
localization or colocalization (yellow) was detected by confocal microscopy scanning laser microscope (Leica TCS, 630X).
Scale bar indicates 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of the article.)
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5 mM KCl, 1 mM MgCl,, pH 7.4). They were then loaded with
3 uM Fura-3 AM dissolved in HBSS from a working solution and
0.02% pluronic acid F-127 at 37 °C for 60 min and rinsed twice
with HBSS. Next, the cells were incubated in HBSS for an
additional 30 min to allow complete de-esterification of the dye.
Calcium imaging was accomplished using an LSM 410 invert
confocal laser scanning microscope (Carl Zeiss Jena, Germany).
Excitation was done by the 488 nm line of an Ar laser. Emission
505-550 band pass filter was collected, and pinhole was set at
1.87 airy units. Confocal imaging was performed with a
resolution of 512 x 512 pixel at 256 intensity. The frame rate
was 1 frame/min. Several cells were viewed together through
20x Plan-Neofluar Zeiss (0.5 NA) using a factor-2 computer
zoomed image. Detailed images were also collected using 40x
Plan-Neofluar Zeiss (1.3 NA). Fluo-3 fluorescence was analyzed
using Image ] software (NIH). The data are presented as
mean + standard deviation of triplicate experiments. The
symbol (*) indicates P < 0.05 when compared with untreated

cells on Student’s t test. SPSS 10.0 software (SPSS Inc., Chicago,
IL) was used to perform statistical analyses.

2.6.  Western blot analysis

Cells were lysed and protein concentration was assayed using
Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Equal
amounts of proteins were subjected to sodium dodecyl sulfate
10% polyacrylamide gel electrophoresis. Fractionated proteins
were transferred to Hybond-P membrane. Membranes were
blocked in PBS containing 5% nonfat milk and 0.2% Tween 20.
To detect p53 and B-actin, monoclonal anti-p53 (Dako
Corporation, Carpinteria, CA) (1:500) and monoclonal anti B-
actin (AC-40, Sigma, St. Louis, MI, USA) were used. To detect
hTERT and GADD153, polyclonal antibodies to hTERT (ROCK-
LAND, Gilbertsville, PA; dilution 1:500)[30] and GADD153 (LAB
VISION, Fremont CA, USA) were used. To detect phosoho-Akt
and total Akt, polyclonal anti-phosoho-Akt and total Akt (Cell

(A) reFIP-gts (uM) reF[P-gts (pM)
03 06 12 TG 0 03 1.2 TG
AS549 cells H1299 cells
®) reFIP-gts (uM) reFIP-gts (pM)
0 03 0.6 1.2 0 03 06 1.2
— — — e - | GADDIS53
e S s s s | [(-actin
A549 cells H1299 cells
(©) reFIP-gts (LM)
0 03 0.6 1.2 NC
reFIP-gts (uUM)
0 03 06 12
LB} <=[nternal control
H1299 cells H1299 cells

Fig. 3 - FIP-gts induces ER stress in A549 cells but not in H1299 cells. (A) A549 cells and H1299 cells were treated with varying
concentrations (0, 0.3, 0.6 and 1.2 nM) of reFIP-gts or 2.5 pM thapsigargin (TG) for 48 h followed by RNA isolation and RT-PCR

analysis as described in Section 2. (B) A549 cells and H1299 cells were treated with varying concentrations (0, 0.3, 0.6 and

1.2 pM) of reFIP-gts for 48 h followed by Western blot as described in Section 2. (C) Left part, effect of reFIP-gts on the level of
telomerase activity in H1299 cells. Twenty-four hours after plating, cells were exposed to various concentrations of reFIP-

gts (0, 0.3, 0.6 and 1.2 pM) for 48 h. Cell pellets were collected and subjected to TRAP assay. NC, negative control used lysis

buffer only. Internal control, the 36-bp internal standard was used as control. Right part, total cellular RNA from H1299 cells

untreated or treated with 0.3, 0.6 and 1.2 pM reFIP-gts for 12 h, with analysis using RT-PCR for hTERT and p-actin mRNA

expression. Representative photograph from an experiment repeated three times.
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Signaling Technology, Beverly, MA, USA; dilution 1:1000) were
incubated with the membranes overnight at 4 °C, followed by
anti-mouse or anti-rabbit IgG HRP-linked antibody horse-
radish peroxidase-conjugated secondary antibody (Cell Sig-
naling Technology, Beverly, MA, USA) for 1 h at RT. Blots were
then developed using an enhanced luminol chemilumines-
cence (ECL) reagent (NEN, Boston, USA).

2.7. Fluorescence immunocytochemistry and confocal
microscopy

A549 cells were seeded (1 x 10* cells per chamber) onto an
eight-chamber slide (Nunc 177402, Naperville, IL). They were
fixed in 4% paraformaldehyde for 20 min and permeabilized
with 0.3% Triton X-100 in PBS for 20 min. Washed cells were
incubated in 1% bovine serum albumin in PBS for 1 h. For co-
immunostaining, cells were first incubated with an antibody
against hTERT (rabbit, 1:250; 1 h, RT; Calbiochem, San Diego,
CA). Tetramethyl rhodamine isothiocyanate goat anti-rabbit
IgG (H + L) conjugate was used as a secondary antibody (1:100,
1h; ZyMax™ Grade, Invitrogen, Carlsboad, CA). Slides were
mounted with mount medium and dried at room temperature.
Nuclei were counterstained with 0.2 ng of DAPI (4,6-diami-
dino-2-phenylindole)/ml. Computer-assisted image analysis

(A)  reFIP-gts (uM)

of fluorescence was performed using confocal microscopy
scanning laser microscope (Leica TCS, wavelength excitation
488 nm, emission 525 nm for FITC; 540/570 nm for TRITC).

For the reFIP-gts and endoplasmic reticulum (ER) coloca-
lization studies, the protocol was similar to that described
above, except that after permeabilization cells were washed
and incubated in 1% bovine serum albumin in PBS for 1 h and
then incubated with an antibody against reFIP-gts (mouse,
1:500; 1 h, RT). Tetramethyl rhodamine isothiocyanate goat
mouse conjugate was used as a secondary antibody (1:100, 1 h;
ZyMax™ Grade, Invitrogen, Invitrogen, Carlsboad, CA). For ER
staining, cells were incubated with ER stain solution at 37 °C
for 45min (1:3000; Subcellular Structure Localization Kit,
Chemicon, Temecula, CA), then mounted and visualized by
confocal microscopy.

3. Results

3.1. Recombinant FIP-gts suppresses telomerase activity
via repression of c-myc binding

Our previous studies have shown that reFIP-gts significantly
inhibits telomerase activity and the interaction between E-box

reFIP-gts (uM)

0 03 06 12

0 03 06 12

e

| B B W | hTERT

s g e S s s s | (-actin
A549 cells H1299 cells
(B) Cycloheximide (180 pM)
0h 24h 48 h

4 Internal control

A549 HI299 A549 HI299 A549 H1299

Fig. 4 — (A) Effect of reFIP-gts on hTERT expression in A549 and H1299 cells. A549 and H1299 cells were untreated or treated
with 0, 0.3, 0.6 and 1.2 nM reFIP-gts for 48 h, and Western blotting analysis of the cell lysates was performed to detect
hTERT expression. The protein B-actin was used as an internal control for normalization of protein loading. (B) Half-life of
telomerase activity in cycloheximide-treated cells. A549 and H1299 cells were treated with a final concentration of 180 pM
of Cycloheximide per ml for 48 h. Cells were harvested at the indicated times and tested for telomerase activity by TRAP
assay. The subsequent levels of telomerase activity are represented as a fraction of the 0-h activity. IC: the 36-bp internal
standard was used as internal control. The data are representative of three independent experiments. NC: no telomerase

extract was added.
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region of the hTERT promoter and c-Myc/Max transcription
factorin A549 cells [20]. To determine whether reFIP-gts inhibits
c-Myc binding to the endogenous hTERT gene in cultured A549
cells, we performed ChIP analysis using specific anti-c-Myc
polyclonal antibody. Negative control for antibody was normal
IgG. As shown in Fig. 1, reFIP-gts inhibited telomerase activity
via transcriptional regulation of hTERT (Fig. 1A and B) and
repressed c-Myc binding to endogenous hTERT promoter in
A549 cells (Fig. 1C), a finding that was consistent with previous
data using electrophoretic mobility shift assay.

3.2, Localization of recombinant FIP-gts in the
endoplasmic reticulum

The molecular mechanism of the effects of reFIP-gts on
telomerase activity is still unclear. The first step toward
understanding the possible roles of reFIP-gts is to determine
its cellular localization. Colocalization studies were performed
using specific markers for the cellular organs and reFIP-gts in
A549 cells. reFIP-gts was not located in the nucleus, and the
markers of mitochondria and reFIP-gts did not overlap (data not
shown). AsshowninFig. 2, onimmunofluorescence the markers
of reFIP-gts and ER overlapped, indicating that reFIP-gts had
diffused into ER, and confirming that reFIP-gts targets ER.

3.3.  Recombinant FIP-gts induction of endoplasmic
reticulum stress

In a previous study, accumulation of proteins in ER was found
to induce ER stress. We next examined whether reFIP-gts

(A)

.
Sl ?f’&qws

reFIP-gts (uM) 0 1.2 0 1.2 NC

(B) s

&

e 53

triggers ER stress as it accumulates in the ER, by determining
the effects of reFIP-gts on the expression of classical ER stress
markers [31]. In these experiments, the ER Ca?*-ATPase
inhibitor thapsigargin served as a positive control for ER
stress. RT-PCR and Western blotting analyses confirmed that,
like thapsigargin, reFIP-gts induced CHOP/GADD153 mRNA
and protein levels in A549 cells at 0.6 and 1.2 pM (Fig. 3A, left
panel and B, left panel).

We investigated whether reFIP-gts induces ER stress in
another lung cancer cell line, H1299 NSCLC. On RT-PCR and
Western blotting analyses, reFIP-gts was unable to increase
CHOP/GADD153 mRNA or protein levels in H1299 cells (Fig. 3 A
right panel and B right panel). We next examined the effects of
reFIP-gts on telomerase activity in H1299 cells. On TRAP assay
telomerase activity was not inhibited in H1299 cells (Fig. 3C,
left panel). As shown in Fig. 3, 0.6 pM reFIP-gts more effectively
induced GADD153 in A549 cells than 1.2 uM reFIP-gts, leading
us to believe that reFIP-gts dose inhibition followed a bell-
shaped curve for GADD153 in A549 cells. Interestingly, despite
no reduction in telomerase activity in H1299 cells treated with
reFIP-gts, mRNA level of hTERT was reduced significantly
following treatment with 0.6 and 1.2 pM reFIP-gts, producing
an effect similar to that in A549 cells (Fig. 3C, right panel).
These results suggest a relationship between inhibition of
telomerase activity and ER stress induction by reFIP-gts in
A549 cells.

We further studied the effect of reFIP-gts on hTERT protein
in A549 and H1299 cells, and confirmed our findings with
Western blot. As shown in Fig. 4A, the protein level of hTERT
was clearly reduced following 0.6 and 1.2 uM reFIP-gts

”ﬁﬁ

&
&

0 1.2 0 1.2 NC

reFIP-gts (uM)

p

Fig. 5 - Tumor repressor p53 is not required in vivo to limit telomerase expression by reFIP-gts. (A) A549 cells (left) and
H1299cells (right) with or without p53 depletionor in two isogenic cell lines in the presence or absence of 1.2 pM reFIP-gts
for 48 h. Cell pellets were collected and subjected to TRAP assay. (B) Inmunoblotting was used to view the presence or

absence of p53 in A549 cells (left) and H1299 cells (right).
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(A) untreated reFIP-gts 1.2 uM
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Thapsigargin 2.5 pM
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(B)

reFIP-gts (1.2 uM) - + +

BAPTA-AM (20 uM) _ ] +

Fig. 6 - . ER calcium ion release in A549 and H1299 cells by reFIP-gts. (A) A549 and H1299 cells were treated with 1.2 pM
reFIP-gts and 2.5 pM thapsigargin (TG) for 6 and 24 h, and treated with fluo-3 for Ca?* staining as described in Section 2. (B)
A549 cells were pretreated with 20 M BAPTA-AM for 1 h and treated with 1.2 uM reFIP-gts for 24 h, before undergoing fluo-
3 for Ca®* staining. In (C) and (D), the fluorescence product was quantified by digital imaging. (E) A549 cells were pretreated
with 10 and 20 pM BAPTA-AM for 1 h and treated with 1.2 pM reFIP-gts for 48 h. (F) A549 cells were exposed to 2.5 pM of
thapsigargin (TG) for 48 h. Telomerase activity in each sample was detected on TRAP assay. Internal control, the 36-bp
internal standard was used as control. NC: no telomerase extract was added. The data are representative of three
independent experiments. (G) Total cellular RNA from A549 cells, untreated or treated with 2.5 M TG for 12 h, and analyzed
using RT-PCR for hTERT and B-actin mRNA expression.



BIOCHEMICAL PHARMACOLOGY 74 (2007) I541-1554

1549

A549 cells H1299 cells
(©
reFIP-gts  Thapsigargin reFIP-gts
= 30r
3 *
L
Q
5 25F
o *
] *
g *
S 20pF
=]
5 i}
=2
8
5 10F
3
g |
R = B 2 L L P e B 2 )
0 6 24 6 24 0 6 24
Time (h)

(E)

reFIP-gts (1.2 uM) =
BAPTA-AM (uM) = = 10

(F)
+ + + -
20 20 NC

<« [nternal control

A549 cells

(D)

=

©

= *

o 25T

o

=

o

2 20F

o

E

= I5p

=

=

S 10p

]

5]

=

< 5P

E; ,_r_l
] . A

£

E untreated reFIP-gts reFIP-gts

+
BAPTA-AM

TG (uM)

0 2.5 NC

(G) TG (uM)
0 2.5

_ B_aCtin

A549 cells

L W1 4= nternal control
A549 cells

Fig. 6. (Continued).

treatment in A549 cells. However, the protein level of hTERT
was only slightly reduced following 1.2 uM reFIP-gts treatment
in H1299 cells.

Several studies have reported telomerase to be a highly
stable protein complex with a long half-life [15,16]. The half-
life of telomerase activity was determined in H1299 and A549
cells treated with cycloheximide, a potent inhibitor of protein
synthesis. Using TRAP assay, we observed that telomerase
activity decreased to <10% of the control level after 48 h in
A549 cells, but this effect was not seen in H1299 cells (Fig. 4B).
This finding suggests that the long half-life of telomerase in
H1299 makes hTERT protein more stable in cell nucleus,
notwithstanding the lack of expression of hTERT mRNA
(Fig. 3C).

3.4. Independence of P53 on recombinant FIP-gts-regulated
telomerase activity

Several studies have suggested that p53 is a negative regulator
of hTERT [12,32], while other studies have shown that
telomerase expression in tumors does not correlate with
p53 status [9,33]. We found telomerase activity to be inhibited
in A549 cells (wild-type p53), but not in H1299 cells (null p53).
There are two possible explanations for the differences in

reFIP-gts-regulated telomerase activity between A549 and
H1299. First, regulation of telomerase activity by reFIP-gts may
be mediated by P53. Second, there are fundamental differ-
ences between the two cell lines including in uptake of reFIP-
gts, intracellular localization of reFIP-gts, and other cellular
components that mediate the effect of reFIP-gts. If p53 is a
bona fide repressor of telomerase, then removal or over-
expression of p53 should be able to modify the expression of
telomerase. We depleted p53 using siRNA in A549 cells, and
stably overexpressed p53 in H1299 cells. When p53 was
depleted in A549 cells, telomerase activity was still blocked by
reFIP-gts (Fig. 5A, left panel). When overexpression of p53 was
stabilized in H1299 cells, reFIP-gts did not inhibit telomerase
activity (Fig. 5A, right panel). Therefore, the reduction in
telomerse activity by reFIP-gts is P53 independent.

3.5.  Recombinant FIP-gts suppresses telomerase activity in
A549 cells but not in H1299 cells via calcium induction

Previous studies have shown that accumulation of wild-type
proteins in ER leads to a release of Ca®* from organelles that
can be blocked by Ca®* chelators [21]. To further study whether
ER stress results in the release of Ca?* from organelles, we
analyzed intracellular calcium levels in reFIP-gts-treated cells.
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Fig. 7 - Nuclear export of hTERT occurs through nuclear pores and proteasome-mediated manner in A549 cells. (A)
Representative immunostaining using confocal microscopy is shown for A549 cell treatment with 1.2 pM FIP-gts for 48 h.
(second panel). A549 cells were co-incubated with 20 pM of MG132 (third panel) for last 6 h or co-incubated with 20 uM of
Leptomycin B (fourth panel) for last 2 h. hTERT staining (Rhodamine-Red), nuclear staining with DAPI stain (DAPI-Blue).
Scale bar indicates 20 pm. (B) Representative immunostaining using confocal microscopy is shown for H1299 cell treatment
with 1.2 uM FIP-gts for 48 h. (second panel). (C) In A549 cells, telomerase enzyme activity was measured in the presence or
absence of 1.2 pM FIP-gts (lane 1 and lane 2) or 1.2 pM FIP-gts and 20 pM of LMB (lane 2 and lane 3) or 1.2 pM FIP-gts and
MG132 (lane 2 and lane 4). A549 cells were incubated with either leptomycin B or MG132 alone in lane 5 and lane 6.
Telomerase activity in each sample was detected on TRAP assay. Internal control, the 36-bp internal standard was used as
control. NC: no telomerase extract was added. The data are representative of three independent experiments. (D) A549 cells
were pretreated with BAPTA-AM for 1 h followed by exposure to reFIP-gts for 48 h. Target protein, phosphorylated Akt
ser473 (p-Akt ser473), total Akt (T-Akt) were detected by Western blot. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of the article.)
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ER stress induced by thapsigargin is accompanied by release of
Ca**, which can be detected using Fluo-3 calcium indicators.
This was evidenced by increased green staining in A549 cells
after treatment with thapsigargin for 6 h, in which calcium
increased 15-fold (Fig. 6A and C). Following the same staining
protocol, we obtained similar results in A549 cells after
treatment with 1.2 pM reFIP-gts for 6 and 24 h, resulting in a
16- and 19-fold induction of calcium, respectively (Fig. 6A and
C). Calcium fluorescence only increased 2.5-fold in H1299 cells
after treatment with 1.2 uM reFIP-gts for 24 h (Fig. 6A and C).
These results suggest that, like thapsigargin, reFIP-gts induces
release of Ca®* from ER and activates ER stress in A549 cells. To
confirm specificity for calcium in reFIP-gts-induced-A549 cells,
cells were pretreated with calcium chelator BAPTA-AM for 1 h
and then with reFIP-gts for 24h. Analysis of calcium
fluorescence revealed a 15-fold induction of calcium following
treatment with reFIP-gts alone. When reFIP-gts treatment was
combined with BAPTA-AM, the influx of calcium mediated by
reFIP-gts was inhibited, resulting in calcium levels similar to
those of the untreated sample (Fig. 6B and D). In order to verify
the role specificity for Ca?* in telomerase regulation by reFIP-
gts, A549 cells were treated with 1.2 pM reFIP-gts +BAPTA-AM
for 48 h and assayed for telomerase activity. Similar to the
previous results, telomerase activity was blocked by reFIP-gts,
and the concomitant addition of 20 uM BAPTA-AM completely
abolished the ability of reFIP-gts to repress telomerase activity
(Fig. 6E). Using TRAP and RT-PCR, we found that thapsigargin
also inhibited telomerase activity and hTERT mRNA levels in
A549 cells (Fig. 6F and G). These results indicate that
accumulation of reFIP-gts in ER can cause ER stress and
increase intracellular Ca®* level. The increased Ca®" level can
reduce telomerase activity directly and indirectly. Taken
together, these results suggest that reFIP-gts suppresses

telomerase activity by inducing ER stress and calcium release
in A549 cells but not in H1299 cells.

3.6.  Recombinant FIP-gts induces nuclear export of hTERT
via nuclear pores and proteasomal pathway

Recently, the translocation of TERT has been described as one
mechanism for posttranscriptional regulation [13,17]. To
investigate the effects of reFIP-gts on localization of hTERT,
A549 and H1299 cells were incubated with reFIP-gts (1.2 pM)
for 48 h. reFIP-gts treatment resulted in a profound change,
namely hTERT changed from being predominantly nuclear to
being predominantly cytoplasmic in A549 cells (Fig. 7A, first
and second panel from the upper panel). However, reFIP-gts
was not able to induce the translocation of hTERT to
cytoplasm in H1299 cells (Fig. 7B, first and second panel from
the lower panel).

We then became interested in the underlying mechanism
behind the change in A549 cells. The best-characterized
inhibitor for CRM1-Ran-dependent transport is leptomycin B
[34]. We found that leptomycin B could inhibit reFIP-gts-
induced hTERT export into the cytosol (Fig. 7A, fourth panel
from the upper panel). Moreover, treatment with leptomycin B
restored reFIP-gts-induced inhibition of telomerase enzyme
activity (Fig. 7C, lanes 2 and 3).

Proteasome activity and ubiquitination have also been
implicated in directing the subcellular localization of many
molecules, including HSV-1 UL9 and p53 [35,36]. We investi-
gated whether the loss of nuclear hTERT protein expression
and its detection in the cytoplasm was a result of proteasomal-
regulated translocation. To do this, we treated A549 cells for
42 h with reFIP-gts and incubated the cells with MG132 for 6 h,
to inhibit the chymotrypsin-like activity of the 26S protea-
some. Once proteasome activity was inhibited, hTERT was
found to accumulate in the nuclei of A549 cells (Fig. 6A, third
panel from the upper panel). We also found that by incubating
the cells with MG132 we could rescue reFIP-gts-induced
suppression of telomerase activity (Fig. 7C, lanes 2 and 4). In
the absence of reFIP-gts treatment, incubation of cells with
either leptomycin B or MG132 alone did not significantly
change the levels of telomerase, when compared with the
untreated controls (Fig. 7C, lanes 1, 5 and 6, respectively).
These results indicate that reFIP-gts -induced down-regula-
tion of telomerase activity is caused by translocation of
telomerase and proteasome-mediated degradation. It has
been shown that increased intracellular calcium concentra-
tions can cause a decrease in the phosphorylation of Akt at
Ser473[37]. We found that reFIP-gts may deactivate Akt kinase
by preventing phosphorylation of Ser*’? residues (Fig. 7D).
Similarly, phosphorylated Akt decreased in the presence of
reFIP-gts, and the concomitant addition of 20 uM BAPTA-AM
completely restored the ability of reFIP-gts to deactivate p-
AKT, suggesting that calcium signal can regulate Akt kinase
activity which in turn decreases phosphorylation of hTERT.

4, Discussion

In the present study, reFIP-gts-induced suppression of
telomerase activity depended on several factors (Figs. 1B
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and 3C, right). Regardless of whether p53 was depleted or over-
expressed, reFIP-gts inhibited telomerase activity in A549 cells
but not in H1299 cells (Fig. 5), a finding consistent with other
studies that have reported that telomerase expression in
tumors does not correlate with p53 status [9,33]. reFIP-gts
suppressed telomerase activity in A549 cells, but not in H1299
cells, via calcium induction (Fig. 1A, Fig. 3, left and Fig. 6). In
addition, reFIP-gts caused different changes in A549 and H1299
cell localization of endogenous hTERT (Fig. 7) and hTERT
protein stability (Fig. 4). Taken together, our results show for
the first time that reFIP-gts is located in endoplasmic
reticulum. It activates a novel pathway for ER stress to induce
calcium release and reduce telomerase activity. We also
identified a mechanism through which reFIP-gts induces
dramatic changes in hTERT localization. Prevention of nuclear
export of hTERT with leptomycin B and MG132 significantly
enhanced telomerase activity in the presence of reFIP-gts.

In general, in vitro fungal immunomodulatory proteins
(FIPs) mitogenically stimulate human peripheral blood lym-
phocytes (hPBLs) and mouse splenocytes via T-cell receptor
(TcR) complex [18,19]. To date, little research has been
conducted on FIPs ability to prevent cancer. In a previous
study, we demonstrated that reFIP-gts inhibited telomerase
activity by diminishing the binding capacity of c-Myc for the
hTERT promoter [20], and in this study we have shown that
reFIP-gts represses c-Myc binding to endogenous hTERT
promoter in A549 cells (Fig. 1C). Although FIPs have been
found to have immunomodulatory properties, it is not known
for sure whether FIPs enter cancer cells to do this. This study
used immunofluorescence and confocal microscopy to
observe the subcellular localization of reFIP-gts into ER of
A549 cells for the first time. However, we could not determine
how reFIP-gts enters ER. We will investigate whether reFIP-gts
is diffused or endocytosed there in future studies.

We conjectured that the accumulation of reFIP-gts in ER
triggers a stress response. Our RT-PCR analysis revealed that
reFIP-gts increases mRNA levels of CHOP/GADD153, an
indicator of ER stress in A549 cells. Because the ER stores
large amounts of Ca?* that can be released upon stimulation,
we assumed that the accumulation of proteins in the ER
membrane increases its Ca®* permeability. Ca®>* has been
found to be necessary for thapsigargin-induced ER stress to
activate NF-kappa B. When Ca®* chelator BAPTA-AM is used to
preincubate cells before thapsigargin treatment, ER stress
induction of NF-kappa B is prevented [38]. In our study, Ca**
chelator BAPTA-AM was found to prevent reFIP-gts suppres-
sion of telomerase activity, demonstrating that telomerase is
downregulated by reFIP-gts via a Ca®"-dependent pathway.
We found that reFIP-gts did not induce GADD153, and calcium
release merely increased 2.5-fold in H1299 cells when
compared with A549 cells (calcium release increased 19-fold)
after treatment with 1.2 uM reFIP-gts for 24 h, suggesting that
reFIP-gts was unable to induce ER stress in H1299 cells.
Calcium is an intracellular second messenger, which regulates
growth arrest and differentiation or apoptotic cell death. An
increase in intracellular calcium levels also occurs during
differentiation with epidermis exhibiting a calcium gradient
increase with differentiation and inhibition of telomerase
activity [16]. Consistent with this idea, differentiation and
expression of differentiation-specific proteins are strongly

linked with the ability of reFIP-gts to increase intracellular
calcium in A549 lung cancer cells.

Recently, the translocation of TERT has been described as
the mechanism behind posttranscriptional regulation, and
telomerase has been found to shuttle between subcellular
compartments during assembly and in response to specific
stimuli. TERT is translocated from cytoplasm to the nucleus
after activation of T lymphocytes [17] and stimulation of
smooth muscle cells by growth factors increases nuclear TERT
[39]. These studies suggest that proliferating stimuli increase
the activity of nuclear telomerase enzyme, allowing telomere
length and subsequently the proliferative capacity of the cells
to be maintained. In contrast, oxidative stress has been
reported to cause the nuclear export of hTERT by triggering the
activation of Ran GTPase and Src kinase family-dependent
phosphorylation of Tyrosine707 [40], although we could not
detect ROS generation by reFIP-gts (data not shown). We
suggest that reFIP-gts-induced translocation of hTERT inhibits
telomerase activity via other pathways.

The present study demonstrates that reFIP-gts induces the
export of hTERT in A549 cells. Some studies have shown that
Ran GTPase may be involved in nuclear transport [13,40].
Recently, the nuclear export receptor CRM1 has been found to
bind to TERT [13]. This receptor together with the GTPase Ran
can bind large cargo molecules and transport them through
the nuclear pores into the cytosol. These findings suggest that
reFIP-gts-induced translocation of hTERT from the nucleus
into the cytosol may be dependent on the CRM1-Ran-
dependent transport pathway. Moreover, pharmacological
inhibition of the CRM1-binding capacity to its export cargos
with leptomycin B prevents reFIP-gts-induced nuclear export
of hTERT. One recent study of telomerase regulation has
shown that genistein suppresses telomerase activity through
decreased phosphorylation of hTERT, forcing it to translocate
from the nucleus to the cytoplasm [41]. Furthermore, previous
studies have reported that 14-3-3 proteins, NF-«B p65,
nucleolin and Akt are posttranslational modifiers of telomer-
ase, which is involved in the intracellular localization of
hTERT [13,14,41,42]. The difference in translocation of hTERT
in A549 and H1299 cells in response to reFIP-gts may be related
to these factors. Further studies will be necessary to identify
the precise molecular mechanism behind the differential
translocation response to reFIP-gts in A549 and H1299 cells.

In addition, ubiquitination is the predominant mechanism
behind the destruction of protein. Conjugation of proteins to
ubiquitin can influence their cellular localization [43]. The G-
quadruplex-interactive molecule BRACO-19 has been reported
to interfere with telomerase function and to decrease the
expression of hTERT in the nucleus via ubiquitin for
subsequent destruction in the proteasome [44]. When we
co-incubated A549 cells with MG132 and reFIP-gts, 26S
proteasome activity was inhibited and telomerase function
was restored. Proteasome plays an important role in repres-
sing telomerase activity by reFIP-gts and is involved in
maintaining a dynamic balance between exporting and
importing, which affects the stability of hTERT.

There are fundamental differences between A549 and
H1299 cell lines other than in P53 status. These include
differences in uptake of reFIP-gts resulting in differences in
histologic subtype, specifically adenocarcinoma and large cell
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carcinoma for A549 and H1299 cell lines, respectively. We
presumed that reFIP-gts causes ER stress induction and
calcium release in A549 cells, but not in H1299 cells, through
TcR-like complex. In future studies, we will indicate whether
other cellular receptors mediate the effects of reFIP-gts in A549
cells.

Based on these findings, the posttranslational modifica-
tions of hTERT protein are more important than down-
regulation of hTERT transcriptional activity in reFIP-gts-
induced suppression of telomerase activity in lung cancer
cells. Although telomerase activity and hTERT mRNA expres-
sion are important prognostic factors in lung cancer patients
[45], eradication of telomerase activity is essential in cancer
therapy. These new findings may provide useful information
for the development of a specific therapeutic strategy for
cancer that involves control of telomerase activity.
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