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Abstract

The human telomerase reverse transcriptase ("nTERT) is the catalytic subunit of the enzyme
telomerase which is responsible for telomeric maintenance and extension. Using RNA interference
to knock down hTERT mRNA expression, we provide evidence that hnTERT exerts extra-telomeric
effects on the cell cycle and on its own regulatory proteins, specifically: p53 and p21. We tested our
hypothesis that hnTERT regulates its own expression through effects on upstream regulatory genes
using transformed human embryonic kidney (HEK 293) cells, p53 and p16/NX42 nyll human ovarian
cancer SKOV-3 cells, and p53-null MDA-MB-157 human mammary cancer cells. In HEK 293 cells,
hTERT knock down resulted in elevated p53 and p21 transcription and a decrease in cellular
proliferation. Similar results were observed in the MDA-MB-157 cell line where p21 was up-
regulated, correlating with cell growth inhibition. In contrast, we observed a decrease in expression
of p21 in SKOV-3 cells with hTERT knock down and cell growth appeared to be unaffected. These
findings suggest that "\TERT may be involved in a feedback loop system, thereby playing a role in
its own regulation.
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Introduction

Telomerase is a DNA polymerase that uses an RNA template in a reverse transcription process
to synthesize telomeric ends on linear chromosomes during replication to counteract the “end-
replication problem”. Telomerase activity is barely detectable in somatic cells but is reactivated
inimmortalized cell lines and human cancers [1,2]. Due to this repression of telomerase, normal
somatic cells experience telomeric attrition at a mean loss of 30-150 bps of telomeric DNA
with each cell replication [3] until a critical minimum telomeric length is reached, at which
time the cells experience cellular senescence [4]. Telomeres serve to preserve chromosomal
integrity by preventing rearrangements, nuclease degradation, and end-to-end chromosomal
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fusions [5,6]. The telomerase holoenzyme is a ribonucleoprotein complex; although it is
comprised of many components, only two subunits are essential to its function. In humans, the
catalytic subunit of telomerase, hTERT, confers its reverse transcriptase activity, adding 5’-
TTAGGG-3’ repeat sequences onto telomeres; the RNA component, hTR, is complementary
to the telomeric repeat sequence, serving as a template for elongation of the telomeres [7-9].
The hTR component of telomerase is found to be ubiquitously expressed in most cell types
including telomerase-negative cells, such as differentiated somatic cells [10,11]. hTERT, on
the other hand, is tightly regulated during differentiation and is almost undetectable in most
somatic cells [12]. A positive correlation has been found between the amount of mMRNA of
hTERT and the activity of telomerase, suggesting that telomerase activity is regulated at the
gene transcriptional level of N TERT [13-16]. Therefore, inhibition of R TERT expression usually
results in decreasing of telomeric length.

For the more than 20 years since Carol Greider discovered telomerase [7], scientists have
believed that telomerase is a terminal effector and that its role is mainly to extend and maintain
the length of telomeres. However, recent studies have shown that the expression of hTERT
affects a variety of other genes. In a recent study in which microarray analysis of 19,000 genes
was performed in bovine adrenocortical cells ectopically expressing hTERT, 284 genes were
found to be either positively or negatively affected by changes in hTERT, suggesting that
hTERT may have extra-telomeric effects. Interestingly, most of the genes affected were
involved in cell-cycle regulation, signaling, and metabolism [17]. Further, overexpression of
telomerase due to the ectopic expression also resulted in a decrease in the mRNA of
tp53bpl, a gene involved in the induction of the p53/p21 system [17]. In this study, we
hypothesize that R TERT exerts its effects not only on telomeres and other genes, but also
specifically on its upstream regulators, mainly p53 and p21, thereby partially regulating itself.

p53 is a tumor suppressor protein that functions in differentiation, apoptosis, DNA repair and
control of cell cycle progression, by regulating the transcription of many genes, both negatively
and positively. The hTERT gene has two p53 binding motifs at -1877 and -1240 relative to the
start of transcription, upstream of the 5’ core promoter region (18). Overexpression of p53 and
binding of the protein with the assistance of transcription factor Sp1 at these two motifs
represses the hTERT promoter [18]. In mammary epithelial cells, abrogation of p53 function
induces cellular immortality, probably through the reactivation of telomerase [18].

The p21WAFL/Cip1/SDI1 (n21) gene is ubiquitously expressed in mammalian cells, and as a major
player in cell cycle arrest, is critical for the control of differentiation, senescence, and apoptosis
[19,20]. Over-expression of p21 induces a correlative repression of hTERT, which has been
demonstrated in human glioma cells [21] and in squamous cell carcinoma where telomerase
expression is abnormally elevated [22]. p21 contains a p53 responsive element at -2281/-2262
in the distal region of its promoter. Full transactivation of the p21 promoter is enabled by the
binding of p53 protein, Sp1 proteins and related factors at the promoter region [23,24]. The
downstream effect of p53 transactivation of the p21 promoter is the negative regulation of the
cell cycle, thereby preventing progression past the G1/S checkpoint [25]. At the same time,
p21 activation leads to the repression of the hnTERT promoter, thereby effectively shutting down
the cell cycle, as we will show in this study.

We analyzed human embryonic kidney (HEK 293), human ovarian cancer (SKOV-3), and
human mammary cancer (MDA-MB-157) cell lines, to assess the effects of hnTERT knock down
the levels of p53 and p21, and the subsequent effect on cell proliferation. HEK cells are
adenovirally transformed and express adenoviral ELA and E1B proteins [26]. A transformed
cell line was chosen to show the effects of hTERT knock down on the proliferation of
transformed cells and to investigate the potential of RNA interference (RNAI) of hTERT for
therapeutic purposes. Also, because these cells are embryonic in origin, proliferate indefinitely
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in vitro and do not show contact inhibition, they were appropriate for the short-term dsRNA
knock down of hTERT and for proliferation studies. Further, studies have indicated that
mammalian cells of embryonic origin lack the interferon response upon treatment with double-
stranded RNA [27-29]. Adenoviral E1B and E1A proteins inactivate p53 either by physically
binding p53 or by binding its downstream effectors such as mdm-2 and other apoptotic
components [30-32]. However, adenovirally transformed cells can accumulate p53 to an extent
where excess p53 is transcriptionally active [33]. Thus, HEK cells are not G1-arrested, have
high levels of telomerase [34], and have transcriptionally active p53 [33].

P53 and p16!NK4a nyll SKOV-3, and p53-null MDA-MB-157 cell lines [35] were utilized in
this study as p53 deficient model systems to determine the effects of long-term hTERT knock
down on p21 levels and cell proliferation. We demonstrate how hTERT levels can directly
affect p21, since the mechanism of p53-dependent transactivation of p21 is eliminated in these
cell lines.

Using specific RNAI knock down of hTERT in a variety of different cell types, our studies
collectively demonstrate for the first time that the level of hnTERT in the cell may regulate the
expression of its gene.

Materials and methods
dsRNA Synthesis

A DNA template for the synthesis of dsSRNA was first generated by PCR amplifying a 219 bp
fragment of HEK cDNA specific to the hTERT gene transcript with primers: ElmoreF (5’-
GACTCGACACCGTGTTCACCTAC-3’) and ElmoreR (5’-
ACGTAGAGCCCGGCGTGACAG-3’), each constructed with T7 promoter sequences
attached to their 5’-ends (5’-TAATACGACTCACTATAGGGAGA-3’) as indicated by
Ambion MEGAscript RNAI kit. dSRNA was generated using MEGAscript RNAI Kit [Ambion,
Awustin, TX], according to the manufacturer’s instructions. The generated single-stranded
RNAs were heated to 75°C for 5 min and allowed to slowly anneal at room temperature until
cooled.

Plasmid Construct

pSilencer 3.1 H1-neo [Ambion Inc.] plasmid was digested with restriction enzymes BamHlI
and Hindlll at 37°C for 1 h and the enzymes were inactivated at 65°C for 15 min.
Oligonucleotide fragments were removed from the reaction using the Qiaquick DNA Cleanup
Systems, Nucleotide Removal protocol [Qiagen, Valencia, CA]. A plasmid construct, pS2-3,
targeting the upstream section of hnTERT mRNA beginning at +863, was used to determine the
effects of long-term hTERT knockdown. The insert sequence for pS2-3 is as follows: Sense:
5'-
GATCCGTTCTGTGTGGTGTCACCTGTTCAAGAGACAGGTGACACCACACAGAAT
T-TTGAAA-3’; Antisense: 5’-
AGCTTTTCCAAAAAATTCTGTGTGGTGTCACCTGTCTCTTGAACAGGTGACACCA
-CACAGAAC-3’. The oligonucleotides for the insert were designed according to Ambion’s
recommendations for short hairpin RNA (shRNA) design. Each insert contains a BamHI and
a HindlIlI restriction site overhang, a 19 bp target sequence, a 9 bp loop sequence, and the
reverse complementary sequence of the 19 bp target. The insert also includes an RNA
polymerase Il terminator sequence. The oligos for the insert were annealed at 1 pg/ul and 37°
C for 1 h as specified in the kit.

A clone, pSCR, provided by Ambion, which expresses a ShRNA scrambled sequence, was
used as a control (Sense: 5’-
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GATCCACTACCGTTGTTAAGGTGTTCAAGAGACACCTATAACAACGGTAGTTTT
TG GAAAA-3’). pSCR clones were transformed into competent DH5a E. coli cells and
selected by growing in Luria Broth medium supplemented with 100 pug/ml of ampicillin.
Plasmid DNA was isolated and purified using the Maxiprep kit (Qiagen) according to
manufacturer’s instructions. The presence of plasmid constructs and insert sequences were
confirmed by DNA sequencing.

Cell Culture and Maintenance

Human embryonic kidney (HEK 293) cells were obtained from American Type Culture
Collection (ATCC) [cat #CRL1573] and cultured with DMEM supplemented with 10% heat-
inactivated FBS, 1% 200 mM L-glutamine, and 1% sodium pyruvate. The cells were
maintained in 200 mm tissue culture dishes and passaged 1:10 - 1:12 with trypsin/EDTA at
80% confluency. Human ovarian (SKOV-3) cells [ATCC; cat #HTB-77] were cultured with
McCoy'’s 5a medium supplemented with 10% FBS, 2 mM L-glutamine. Human mammary
(MDA-MB-157) cancer cells [ATCC cat #HTB-24] were cultured with DMEM F12 50/50
medium supplemented with 10% FBS and 2 mM L-glutamine. All cultures were incubated at
37°C in 5% CO».

Transfection and Selection; HEK cells

For dsRNA transfection, cells were trypsinized 24 h before transfection and viable cells were
counted with a hemacytometer using the Trypan blue dye exclusion method. 4.0 x 10° cells
were plated per well of a 6-well plate and incubated for 24 h to provide experimental cultures
of approximately 60% confluency for transfection the next day. dsRNA (2.5 ug) was
transfected in each well with FUGENE 6 transfection reagent [Roche, Indianapolis, IN] at a
ratio of 1:5 pg to pl according to manufacturer’s recommendations. The FUGENE-dsSRNA
complex was allowed to incubate with the cells until harvesting and counted with a
hemacytometer.

For plasmid DNA transfection, cells were transfected with pS2-3, and pSCR using FUGENE
6 transfection reagent [Roche] at a ratio of 1:5 pg to ul, according to manufacturer’s
recommendations. The FUGENE-DNA complex was allowed to incubate with the cells for 24
h before removal and replenishing with fresh culture medium supplemented with antibiotics.
Antibiotic resistant cells were selected with 300 ug/ml of G418 antibiotic in HEK medium.
Cells were selected for at least 4 weeks before harvesting for analysis.

Transfection and Selection; SKOV-3 and MDA-MB-157 cells

Cells were transfected with pS2-3, and pSCR using FUGENE 6 transfection reagent [Roche]
at a ratio of 1:3 ug to pl, according to manufacturer’s recommendations. The FUGENE-DNA
complex was allowed to incubate with the cells for 24 h before removal and replenishing with
fresh culture medium supplemented with antibiotics. Antibiotic resistant cells were selected
with 800 pg/ml and 400 pg/ml of G418 antibiotic for SKOV-3 and MDA-MB-157 cells,
respectively. Cells were selected for at least 4 weeks before harvesting for analysis.

Harvesting and Cell Counting

HEK cells transfected with dSRNA were harvested and counted at days 1, 3, and 5. HEK and
SKOV-3 cells transfected with plasmid constructs were allowed to recover and selected for at
least 4 weeks before harvesting for analysis and setting up of cell proliferation assays. Cell-
proliferation assays were performed by trypsinizing the cells, using the Trypan blue dye
exclusion method and counting with a hemacytometer.
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RT-PCR Analysis

The expression of hnTERT, p53, and p21 were assessed by PCR using cDNA libraries generated
from treated cells. PCR analysis of transcripts for housekeeping genes, GAPDH and f-actin,
were performed as loading controls and were used as standards to normalize data. Total RNA
was extracted using the Qiagen RNeasy kit (Qiagen). Extracted RNA was quantified with a
UV spectrophotometer and equal amounts of RNA per experiment were used to generate cDNA
with the Superscript First-Strand Synthesis System (Invitrogen). Synthesized cDNA was
subjected to PCR amplification with primers targeting the gene products for hnTERT (F: 5’-
CAAGAACGCAGGGATGTCGCTG-3’; R: 5’-CTGCGTCTGGGCTGTCCTGAGT-3’),
p53 (F: 5’-ATTTGCGTGTGGAGTATTTG-3’; R: 5’-
GGAACAAGAAGTGGAGAATG-3), p21 (F: 5’-CAGGGTCGAAAACGGCGGCA-3’; R:
5’-AGGAGCCACACCCCTCCAGA-3’), GAPDH (F: 5’-
GAAGGTGAAGGTCGGAGTC-3’; R: 5’-GAAGATGGTGATGGGATTTC-3’) and -
actin (F: 5’-GCTCGTCGTCGACAACGGCTC-3’; R: 5’-CAAACATGATCTGGGTCATCT
TCTC-3’). The PCR reactions were analyzed by 2% agarose gel electrophoresis. For each
primer set, the number of amplification cycles was predetermined to in order to be in the
exponential phase.

Statistical Analysis

Cell counts were subjected to a two-tailed T-test, assuming equal variances. Mock transfected
and transfected samples were compared to the control untransfected samples to determine
significant differences (p<0.05) in proliferation rate.

Results

hTERT knock down using long dsRNA and shRNA

To assess the short-term effects of hTERT knock down, a 219 bp long dsRNA complementary
to hTERT mRNA beginning at +863, was synthesized and transfected into HEK cells.
hTERT mRNA in the cells was significantly reduced to 55% by 24 h of treatment and the RNAI
slowly decreased in effectiveness thereafter (Fig. LA). GAPDH was used as a loading control
and its consistent expression levels show that the RNAI effect was specific for hnTERT. To
determine the effects of hTERT knock down on the cell-cycle, a growth curve was generated.
Untreated HEK cells and cells incubated with only FUGENE 6 tranfection reagent were used
as controls to ensure that there is no toxicity due to the transfection reagent. The proliferation
studies showed parallel linear growth between the untreated and mock-treated control cells
while treated cells were growth inhibited (Fig. 1B and C). Growth inhibition peaked on day 3
of treatment, and was sustained through day 6 after treatment (Fig. 1C).

The cellular mRNA levels of p53 and p21 were analyzed following the introduction of RNAI
of hTERT on days 1, 3, and 6 post-treatment with the 219 bp dSRNA. p53 mRNA levels were
elevated within 24 hours of treatment, correlating with the decreased levels of hTERT mRNA
in the cell (Fig. 2A). p53 mRNA levels showed a marked 4-fold elevation in treated HEK cells
on day 1 and remained elevated through day 6 (Fig. 2B), while the untreated HEK control cells
showed a steady incline of p53 MRNA levels to 3.1 fold by day 6. This suggests that the increase
in p53 levels in the control HEK cells probably resulted from cell-to-cell contact as opposed
to a response to lowered hTERT levels. Following the induction of p53 in the treated HEK
cells, p21 mRNA levels progressively increased, consistent with findings that p53
transactivates the p21 promoter [23,24] (Fig. 2A). In the treated HEK cells, p21 mRNA levels
were increased 1.7 fold on day 1 and 4.6 fold by day 6 (Fig. 2C). In contrast, p21 levels in the
untreated HEK control cells were slightly elevated to 1.5 fold and remained relatively stable
(Fig. 2C). Further, since HEK cells do not elicit an interferon response when transfected with
long dsSRNA [27,28] and the GAPDH loading control does not show a variable expression, the
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results indicate that the RNAI response is target specific and appropriated to the dSRNA
treatment, instead of off-target RN A effects. Taken together, the findings suggest that reduced
levelsof A TERT mRNA in HEK cells resulted in a profound growth inhibitory response induced
by the p53/p21 pathway.

The plasmid construct, pS2-3, was transfected into HEK cells and selected in G418 antibiotic
for at least 4 weeks to analyze the long-term effects of hTERT knock down. The experiment
was repeated twice to ensure reproducibility of results. Non-transfected HEK cells and HEK
cells transfected with a construct expressing a scrambled sequence (pSCR) were used as
controls. Proliferation studies showed comparative linear growth in both the control HEK and
pSCR cells. HEK cells expressing pS2-3 showed slower growth rates as compared to the
controls (Fig. 3E). To determine whether the constructs had successfully knocked-down
hTERT and the effects on other genes of interest, total RNA was extracted from untransfected
HEK cells and HEK transfected with pS2-3. cDNA was synthesized via reverse transcriptase
reactions and PCR was performed with primers specific to hTERT, p53, p21, GAPDH, and -
actin. Cells transfected with pS2-3 showed decreased levels of h\TERT mRNA as compared to
the control cells, indicating that the construct was able to, but not fully knock-down hTERT
(Fig. 3A).

The effect of hTERT knock down on the other genes of interest paralleled that of the short-
term studies with dsRNA transfection. As expected, HEK cells transfected with pS2-3 showed
elevated levels of p53 and p21 (Fig. 3C). Further, the invariability in expression of the
housekeeping gene, GAPDH, indicates that the knock down is target specific. Although
hTERT was not fully knocked-down, it is important to note that it is adequate to affect changes
on the expression of p53 and p21. Taken together, the results of long-term knock down of
hTERT in HEK cells suggest that telomerase may directly or indirectly affect the cell cycle or
the genes regulating the cell cycle.

hTERT knock down in p53 null SKOV-3 and MDA-MB-157 cells

To investigate the knock down of hTERT in p53-null systems in order to eliminate the variable
of p53-induced effects on p21, pS2-3 and pSCR plasmid constructs were transfected into
SKOV-3 ovarian cancer cells and MDA-MB-157 breast cancer cells. Cells transfected with
plasmid constructs were subjected to G418 antibiotic selection for at least a month before
harvesting for analysis.

Untransfected SKOV-3 cells (denoted as SKOV) and SKOV-3 cells transfected with the
plasmid expressing a scrambled sequence (SKOVpSCR) were used as controls. However, in
our proliferation studies, SKOVpS2-3 cells did not show a marked retardation in growth, as
compared to SKOV and SKOVpSCR. By day 3 of the proliferation studies, SKOV,
SKOVpSCR, and SKOVpS2-3 cells seemed to reach a plateau in the rate of proliferation after
becoming confluent and experiencing contact inhibition in culture. There was no obvious
growth in these cultures between day 3 and day 5 (Fig. 4B). This is consistent with a previous
study that showed that inhibition of telomerase activity in SKOV-3 cells neither resulted in
telomeric erosion nor growth inhibition [36].

To determine if hnTERT had been successfully knocked-down in the transfected SKOV-3 cells,
reverse transcriptase PCR analysis was performed and showed hTERT knock down in
SKOVpS2-3 (Fig. 4A). Corresponding to decreased levels of hnTERT mRNA in SKOVpS2-3
cells, expression of p21 also appeared to be down-regulated (Fig. 4A), while p21 expression
was not affected in the controls SKOV and SKOVpSCR. The invariability of the expression
of GAPDH also indicates that the effect of RNA. is target specific.
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MDA-MB-157 cells transfected with pS2-3 (MDA-pS2-3) showed a significant reduction in
proliferation rate as compared to control untransfected MDA-MB-157 cells and cells
expressing the scrambled sequence construct (MDA-pSCR) (Fig. 5C). This indicates that
hTERT protein or h\TERT mRNA is able to exert control on cell cycle progression either directly
or indirectly.

Reverse transcriptase PCR using primers specific to the genes of interest was performed to
determine effect of A TERT knock down on the levels of transcription for hnTERT and p21. The
knock down was confirmed by lower levels of hTERT transcript in MDA-pS2-3 cells but not
in control MDA-MD-157 or MDA-pSCR cells (Fig. 5A). The downstream effects of the knock
down resulted in an increase in p21 expression in MDA-pS2-3 while expression of p21 in
control cells MDA-MB-157 and MDA-pSCR remained at basal levels (Fig. 5B).

Discussion

Telomerase has only recently been found to exert extra-telomeric effects [17]. Here, we show
specific effects of N TERT expression and telomerase activity on the cell cycle regulators,
p53 and p21. Both of these genes are known upstream regulators of hTERT, suggesting the
concept that one of the extra-telomeric effects of hnTERT may be in a feedback loop, thereby
regulating itself. As there are multiple regulatory factors that act on the hTERT promoter, such
as epigenetic modifications, p53, p21, c-Myc/Mad/Max, estrogen-receptor complexes, Spl,
WT1, E2F [37-42], it is the culmination of all factors exerting their effects on the hTERT
promoter that eventually determines the transcriptional output of hTERT. Several studies have
also successfully knocked down hTERT and shown that RNAi of hTERT decreases telomerase
activity, indicating that RNAI if hTERT is a viable system to study the downstream effects of
telomerase [43-45]. Our results suggest that the effects of hTERT and telomerase activity on
extra-telomeric targets vary in different cellular systems.

Since HEK cells are of embryonic origin, we were able to use two different RNAI systems to
knock down hTERT. Namely, dsRNA and a plasmid construct expressing an ShRNA, were
used to knockdown hTERT mRNA. Since both RNAI systems in HEK cells generated similar
results, we are able to conclude that the HEK cells did not experience interferon response due
to the transfection of long dsRNA, and that the RNAI effects were target specific. Moreover,
in all experiments, we observed no variability in expression of housekeeping genes, GAPDH
and p-actin, further supporting that the RNAI was target-specific.

The knock down of hTERT using dsSRNA targeting a 219 bp region of the hTERT mRNA
resulted in a significant reduction of hTERT mRNA in the cell, and subsequently caused the
cells to be temporarily growth arrested. The RNAI effect on hTERT caused an immediate
increase in p53 MRNA levels, which in turn induced the transcription of p21 [23,24] (Table
1), suggesting that some specific telomeric-effects of h\TERT include the regulation of p53 and
p21. Itis also highly unlikely that changes in telomeric lengths alone affected cell proliferation
rate and induced the upstream regulators of hTERT. Instead, it is probable that the knock down
of hTERT itself induced such effects, because p53 and p21 levels were elevated in the transient
dsRNA knock down of hTERT within 24 h of treatment, before telomeric changes are
detectable. Thus, telomerase is able to exert an effect on the cell cycle independent of telomere
length.

When 19-mer shRNAs targeting hTERT mRNA were used to stably knock down hTERT in
long-term studies, we observed differential responses to the RNAI effect. In HEK cells, the
pS2-3 construct expressing sShRNA specific to hTERT retarded growth of the cells and caused
an elevation of p53 and p21 mRNA in response to hTERT knock down. The finding that the
cells were not growth-arrested could be attributed to the fact that the RNAi knock down effect
using a single short target was not as effective as targeting hTERT with the 219 bp dsRNA.
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Also, the residual hTERT levels after knock down may provide enough telomerase activity to
sustain proliferation, despite its slowed rate. It is also significant to note that although the knock
down of hTERT was not 100%, the slight reduction in hnTERT mRNA levels was adequate to
produce changes in proliferation rate and exert extra-telomeric effects on p53 and p21.

To further evaluate how hTERT might affect p53-null and different neoplastic cell systems,
hTERT was knocked down in SKOV-3 ovarian cancer and MDA-MB-157 breast cancer cells.
Proliferation studies showed a significant growth decrease in MDA-pS2-3 cells expressing
shRNA specific to hTERT mRNA as compared to the untreated control cells as well as the cells
expressing a scrambled shRNA sequence (MDA-pSCR). This cell growth reduction was
coupled with an increase in p21 mRNA levels, consistent with the HEK study. It is very
probable that the growth reduction is due to the upregulation of p21. This also indicates that
hTERT is able to regulate p21 independent of p53.

SKOV-pS2-3 cells expressing ShRNA specific to hTERT mRNA resulted in a decreased
expression of p21, supporting the evidence that hTERT can regulate p21 in a p53-independent
manner. It is interesting that we did not observe a significant retardation of growth in
SKOVpS2-3 cells as compared to the untreated control cells and the cells expressing a
scrambled shRNA sequence (SKOVpSCR). Further, since SKOV-3 cells do not undergo
alternate lengthening of telomeres (ALT)[36], a probable explanation for the lack of growth
reduction could be that since SKOV-3 cells are null for both p53 and p16'NK42 3 decrease in
p21 due to the knock down may result in insufficient cell cycle inhibitory machinery. However,
the exact mechanisms of how hTERT up or down regulates p21 in these systems remain unclear.

Our findings support the novel model that telomerase, via the regulation of hTERT (the gene
encoding its catalytic subunit), is involved in a feedback loop that may engage various
pathways. Our studies clearly indicate that the knock down of hTERT is able to affect its own
regulatory gene components, namely, p53 and p21. In cell systems such as HEK cells where
the p53 gene is intact, the feedback loop is p53 dependent resulting in p21 transcriptional
activation and cell growth inhibition. In p53-null cell systems such MDA-MB-157 cells, the
knock down of hTERT results in a p53-independent upregulation of p21, with similar growth
retardation. In contrast, the knock down of hTERT in p53/p16'NK4a_nyll and ALT-negative
SKOV-3 cells resulted in a decreased expression of p21 and did not result in growth inhibition.

These findings indicate that perhaps the titer of hTERT mRNA or telomerase activity in the
cell may signal the cell to induce a feedback regulation system, also further supporting the
hypothesis that telomerase has extra-telomeric functions. The precise mechanisms of the
feedback system need to be refined and further detailed. Future studies involving other cell
types and the use of a p21-null model would be useful to clarify how other genes are affected
after hTERT knock down.
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Fig. 1.

Knock down of hTERT in HEK cells from transfecting cells with dSRNA complementary to
hTERT mRNA. A, PCR analysis of hTERT and GAPDH expression were performed using
cDNA from treated and untreated HEK cells. C1, C3 and C6, correspond to HEK untreated
control cells on treatment days 1, 3 and 6, respectively. T1, T3 and T6, correspond to HEK
cells treated with 2.5 pg dsRNA complementary to a 219 bp section of hTERT mRNA on
treatment days 1, 3 and 6, respectively. Levels of nTERT mRNA are reduced within 24 hours
of treatment due to RNAI and the levels begin to slowly recover thereafter. GAPDH was used
as a loading control. B, HEK control and dsRNA-treated HEK cells at a total magnification of
100X on day 6 after transfection. The panel with the control HEK cells shows a more densely
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populated culture than the treated cells. C, Cells plated at a density of 4 x 10° cells and counted
on days 1, 3, and 6 after dSRNA transfection. HEK: untreated control cells. HEK-FU: control
cells incubated with Fugene 6 transfection reagent. HEK-FUR: dsSRNA-treated cells
transfected using Fugene 6 transfection reagent. Y-axis error bars represent + standard error
of the mean (SEM). ™ denotes statistical significance (n = 3, p < 0.05).
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Fig. 2.

PCR analysis of p53, p21 and GAPDH expression using cDNA from HEK cells treated and
untreated with synthesized dsSRNA. A, 2% agarose gel electrophoresis showing p53 and p21
MRNA levels after induction of RNAI of hTERT. GAPDH was included as a loading control.
Lanes C1, C3, and C6: untreated HEK control cells at days 1, 3, and 6 after treatment
respectively. Lanes T1, T3, and T6: treated HEK cells at days 1, 3, and 6 after treatment
respectively. B, C, Quantitations of p53 and p21 mRNA levels respectively, normalized to
housekeeping gene, GAPDH. Values are from a representative gel.
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Fig. 3.

Gene expression and proliferation assays of control HEK cells and HEK cells transfected with
plasmid constructs pSCR and pS2-3. A, hTERT mRNA levels showing hTERT knock down in
cells transfected with pS2-3 as compared to the untransfected HEK. GAPDH was used as a
loading control. B, Increased transcription of p53 and p21 in cells transfected with pS2-3 as
compared to the untransfected HEK cells. GAPDH was used as a loading control. C, The graph
shows linear growth of controls HEK and pSCR, while pS2-3 shows a significantly slower
growth rate. Y-axis error bars represent + standard error of the mean (SEM). * denotes statistical
significance (n = 3, p < 0.05).
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Gene expression and proliferation assays of SKOV, SKOVpS2-3, and SKOVpSCR. A, Reverse
transcriptase PCR of RNA extracts from untransfected SKOV, SKOVpS2-3, and SKOVpSCR.
SKOV and SKOVpSCR were used as controls. PCR was performed with primers specific to
the gene of interest: hTERT, p21, and GAPDH. GAPDH was used as a loading control. B, No
significant inhibition of growth was observed in association with hTERT knock down in
SKOVpS2-3 (n =3, p <0.05).
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Fig. 5.

Gene expression and proliferation assays of MDA-MB-157 untreated control cells and cells
transfected with plasmid constructs pSCR and pS2-3 (MDA-pSCR and MDA-pS2-3
respectively). A, Reverse transcriptase PCR of RNA extracts from treated MDA-MB-157 cells
and untreated cells at 74 days after transfection. PCR was performed with primers specific to
the gene of interest. \TERT mRNA levels showing hTERT knock down in MDA-pS2-3 as
compared to the untransfected MDA-MB-157 and MDA-pSCR control cells. GAPDH was
used as a loading control. B, Increased transcription of p21 was observed in pS2-3 as compared
to the untransfected controls MDA-MB-157 and MDA-pSCR. GAPDH was used as a loading
control. C, The graph shows parallel growth of controls MDA-MB-157 and MDA-pSCR, while
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MDA-pS2-3 shows growth inhibition. Y-axis error bars represent + standard error of the mean
(SEM). * denotes statistical significance (n = 3, p < 0.05).
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Table 1
Summary of proliferation changes and expression of p53 and p21 in cell lines HEK, SKOV, and MDA-MB-157.

Effects of hnTERT knock down

Cell Line Genotype
Proliferation p53 p21
HEK Adenoviral transformed \ 1 1
MDA-MB-157 p53-/- ! - 0
SKOV-3 p53-/-; p16'NK4a"- - y
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