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Telomeres, DNA-protein structures located at the ends of eukaryotic chromosomes are shortened with each 
DNA synthesis in somatic cells, thus limiting their life span. Telomere shortening is prevented by the activity 
of telomerase, a reverse transcriptase which is expressed mainly in cancer cells, providing them with a limitless 
life span.  Tor1 and Tor2 (targets of Rapamycin), two similar kinases that regulate cell growth are part of the 
TOR complex 1 (TORC1) which coordinates the response to nutrient starvation and is sensitive to Rapamycin. 
Signaling pathways involving mTOR and telomeres regulation where found to be overlapped in yeast, where 
TORC1 signal controls the Ku heterodimer, a telomere regulator. In the light of the importance of telomerase 
activity in malignancies and the anti-cancer activity of Rapamicin, we studied the potential implications of using 
Rapamycin as a therapeutic agent against cancer by analyzing the effect of the drug on telomerase in cancer 
cells. Our study was therefore aimed at the characterization of the effect of Rapamycin on telomerase activity 
(TA) and the elucidation of the possible regulatory mechanisms affected by this drug in vitro.  The results show a 
cytostatic effect of Rapamycin on the proliferation of Jurkat and MCF-7 cell lines and an inhibitory effect on TA 
in these cells. The ability of Rapamycin to inhibit TA was mediated by two separate mechanisms: In Jurkat cells 
the inhibition was on the transcriptional level, controlled by the reduced binding of transcription factors to the 
hTERT promoter, while in MCF-7 cells the inhibition of TA was mediated on the post translational level, by its 
kinases, AKT and PKCα. A non-critical dose (1nM) of Rapamycin induced only a small decrease of about 25% 
in telomere length after six months of exposure to the drug.  We hope that the knowledge gained from this work 
will lead to develop new combinations of Rapamycin and other anti-cancerous agents that target intra-cellular 
pathways, to gain further advances in the never-ending quest to find effective anti-cancer treatments.

Keywords:  telomeres; telomerase; rapamycin, mTOR

Abstract

The effects of Rapamycin on Telomerase Activity and Regulation in 
Cancer Cells

Research article

Li-Or Zach1, Einat Beery1, Meir Lahav1,2 and Orit Uziel*1,2  
1. The Felsenstein Medical Research Center, Beilinson Medical Center
2. Hematology Institute, Davidoff Cancer Center, Rabin Medical Center Petah–Tikva and Sackler School of Medicine, Tel-Aviv University, Ra-
mat-Aviv, Israel
*Corresponding author: O. Uziel, Ph.D, Head, the Laboratory for Telomeres and Telomerase Research
The Felsenstein Medical Research Center, Beilinson Medical Center and Tel Aviv University, 39 Jabotinski St, Petah-Tikva, Israel, 49100, Tel: 972-3-
9376796; Fax: 972-3-9211478; E-mail: Oritu@clalit.org.il
Received:  July 26 11, 2019; Accepted: August 19, 2019; Published: August 23, 2019

Introduction
 Mammalian target of Rapamycin (mTOR) is a ser-
ine-threonine protein kinase that belongs to the phosphoinositide 
3-kinase (PI3K)-related kinase family [1]. Through kinase cas-
cades, mTOR regulates cell size, progression of the cell cycle, 
cell survival, and is considered a master regulator of protein syn-
thesis [2]. As such - it is deregulated in various cancer cells. In 
mammals, there are two mTOR protein complexes: mTOR com-
plex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTOR 
forms a physical and functional complex with several proteins 
including Hsp90, Akt, TERT, p70 S6 kinase (S6K), providing a 
compelling evidence for another level of regulation, that of telo-
merase activity [2,3].
    The classic mTOR inhibitor is the macrolide antibiotic 

Rapamycin which indirectly inhibits its kinase activity [4]. In 
yeast, exposure to Rapamycin inhibits TORC1 signaling path-
way, blocking the recruitment of telomerase to the telomeres and 
ultimately resulting in rapid telomere shortening [3].
    The mTOR pathway is frequently constitutively ac-
tive in cancer cells, leading to aberrant protein translation, cell 
growth and proliferation. The tumor suppressor phosphatase and 
tensin homologue (PTEN) is often deleted or truncated in endo-
metrial, breast, prostate, and ovarian cancers leading to an over-
expression of the PI3K–Akt–mTOR pathway [5]. 
    The importance of telomerase in the biology and prog-
nosis of many types of cancers is well established [6]. Telomerase 
is a unique reverse transcriptase expressed almost exclusively in 
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> 90% of cancer cells. It compensates for telomeric loss in each 
DNA replication thus conferring endless replicative potential to 
the cancer cell [7]. Due to its essentiality and specificity to the 
malignant cell it may serve as a valid anticancer drug target and 
indeed active compounds that target telomerase are already in 
advanced phases of clinical trials [8]. Numerous cytotoxic drugs 
target telomerase [9-11] including proteasome inhibitors [12,13]. 
In the light of the importance of both the mTOR and telomerase 
to the growth and perpetuation of the malignant clone abd the 
regulatory croos talk between mTOR and the enzyme, we asked 
whether the inhibition of mTOR in cancer cells will have an ad-
ditional inhibitory effect on telomerase activity. Additionally, we 
aimed at deciphering the possible regulatory mechanisms con-
tributing to this inhibitory effect (if exists).

Real-Time RT-PCR  
    The expression of the hTERT gene was detected by 
Real Time PCR. Total RNA was extracted using EZ-RNA Iso-
lation Kit reagent (Biological Industries Beit Haemek, Israel). 
The extracted RNA was reverse transcribed according to the 
manufacturer’s instructions of the High-Capacity cDNA Re-
verse Transcription Kits (Applied Biosystems, CA. USA). The 
real-time quantitative RT-PCR is based on the TaqMan method-
ology, ABI PRISM 7000 Sequence Detection System (Applied 
Biosystems, CA. USA), and StepOnePlus™ Real-Time PCR 
Systems (Applied Biosystems, CA. USA). The expression of the 
hTERT gene was calculated relatively to the expression of the 
control gene, HPRT-1.

Chromatin immunoprecipitation (ChIP) assay
 The binding of NFκB, c-Myc, SP1, and WT1 to the 
hTERT promoter was assessed by the Chromatin Immunopre-
cipitation (ChIP) assay47 in the Jurkat cell line. Chromatin Im-
munoprecipitation was performed with the EZ ChIP kit accord-
ing to the manufacturer’s directions (Upstate, Temecula, CA) 
and as described previously [14]. Cells were harvested and fixed 
in 37% formaldehyde at 37°C for 10min. After being quenched 
by glycine and washed in PBS, the cells were lysed in 1ml SDS 
lysis buffer. The DNA was sheared by sonication to an average 
size of 0.2kb to 1kb. A 100μl extract was diluted, immunopre-
cipitated with the indicated antibodies (anti-SP1 and anti-c-Myc: 
1:50, Millipore MA, USA; anti-NFκB: 1:50, Abcam MA, USA; 
anti-WT1: 3:100, Santa Cruz Biotech, TX, USA) for 16h at 4°C 
with agitation and was supplemented with 60μl of protein G aga-
rose beads for 1h at 4°C. The immunocomplexes were washed 
with the serial washing buffers, eluted, and heated at 65°C for 4h 
to reverse the cross-links. After DNA purification (by QIAquick 
PCR Purification kit), the immunoprecipitated DNA was sub-
jected to a real-time PCR reaction to amplify the binding sites of 
the various transcription factors. The levels of the DNA binding 
of SP1, c-Myc, NFκB, and WT1 were evaluated relatively to the 
total DNA input of each sample that was not immunoprecipitat-
ed with any of the antibodies. The antibodies against SP1 and 
c-Myc were purchased from Millipore MA, USA.
 The relevant primers with the following sequences were used:
For the region of c-Myc and SP1 binding site:
Forward primer: AGTGGATTCGCGGGCACAGA;
Reverse primer: TTCCCACGTGCGCAGCAGGA

For the region of NFκB binding site:
Forward primer: GCCTCCTAGCTCTGCAGT
Reverse primer: ACCCGAGGACGCATTGCT
For the region of WT1 binding site:
Forward primer: TTTGCCCTAGTGGCAGAGAC 
Reverse primer: GCCGGAGGAAATTG 
 Due to the high GC content in the hTERT promot-
er region, real-time PCR reactions included several additional 
temperature steps (in the polymerization stage) to ensure prop-
er products formation. PCR conditions were as follows 940C – 
3min, followed by 39 cycles of: 940C- 20 sec, 580C- 30 sec, 
720C- 20 sec, 760C- 20 sec, 800C- 20 sec 840C- 20 sec and 
finally 720C- 5 min. The products were separated on a 1% aga-
rose gels and analyzed by the VersaDoc software on the Gel Doc 
documentation system (BioRad, Israel).

Immunoprecipitation and western blot analysis
 The phosphorylation levels of telomerase and its kinas-
es, (phospho)-pAKT and pPKCα in MCF-7 cells and the cellular 
levels of SP1, c-Myc, NFκB and WT1 in Jurkat cells were eval-
uated by Western blotting. The cells were grown for 24, 48 and 
72 hours in the presence of Rapamicin (IC50) and lysed by us-
ing a lysis buffer containing phosphatase and protease inhibitors. 
Identical protein amounts (100μg) were separated by 10% SDS-
PAGE, transferred to nitrocellulose membrane and detected by 
the following specific antibodies: anti-pAKT Ser473/ pPKCα 
Ser657 and anti-total AKT/ PKCα. (anti- AKT: 1:1000, Cell sig-
naling SC, USA; anti-PKCα: 1:500, Santa Cruz Biotechnology, 
CA, USA; anti-SP1 and anti-c-Myc: 1:500, Millipore MA, USA; 
anti-NFκB: 1:1000, Abcam MA, USA; anti-WT1: 1:500, Santa 
Cruz Biotech, TX, USA). Signals were visualized after exposing 
the membranes to 2nd fluorescent antibodies and quantified by 
the Odyssey analysis software (Licor).
    To determine the levels of phosphorylated hTERT, 
an Immunoprecipitation assay was used. 500-1000μgs of pro-
tein were precipitated with 10μg/mg anti-phosphoserine anti-
body (StressMarq Biosciences Inc.) or with 20μg/mg anti-total 
hTERT antibody (Santa Cruz, CA, USA). The protein-antibody 
complexes were mixed with 20μg of protein G agarose beads 
for 16h while agitation at 4oC. The immunoprecipitated lysates 
were washed with lysis buffer, boiled for 3 min and subjected to 
standard Western blot analysis, as described above. The prima-
ry anti-hTERT antibody for the immunoblotting (1:500-1:1000) 
was purchased from Epitomics, CA, USA.

Southern blot assay 
 To perform a Southern Blot, DNA was extracted by us-
ing ArchivePure™ DNA purification kit (5 prime, MD, USA) 
and quantified with NanoDrop™ (Thermo). Genomic DNA was 
then digested with the restriction enzymes RSAI, HINFI which 
digest DNA to segments of less than 2kb without cutting the telo-
meres. After digestion the DNA was separated by electrophore-
sis on 0.8% Agarose gel and later soaked in 0.25M HCl depuri-
nation solution, denaturing solution containing 0.5M NaOH and 
1.5M NaCl, and finally neutralization solution, containing 0.5M 
Tris HCl and 3M NaCl pH=7.5. DNA binding to the membrane 
was performed by the force of capillarity in 20xSSC. The DNA 
was cross-linked to the membrane by exposure to UV radia-
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tion and then incubated with pre-hybridization solution for 1h 
at 420C, followed by soaking in digoxigenin (DIG) hybridiza-
tion solution that contains a telomeric probe marked with DIG 
(CCCTAA)4 (Hy Laboratories, Rehovot, Israel). After hybrid-
ization, the membrane was exposed to anti-DIG antibody con-
jugated to an alkaline phosphatase, and the substrate CSPD. The 
chemiluminescent signal was captured on a film and the sizes of 
telomeric smears were compared with those of the DIG labelled 
marker.

Statistical analysis 
 A two-tailed One-sample Student t test with unequal 
variance and ANOVA one way were used to calculate the P val-
ues in SPSS for Windows version 11.5 software (SPSS, Inc., 
Chicago, IL). In all assays, P values of less than 0.05 and 0.001 
were considered statistically significant and highly significant, 
respectively.

Results
The effect of Rapamycin on the proliferation of cancer cells
 The proliferation of the Jurkat cell line was monitored 
after admission of Rapamycin for 24h, 48h, 72h, and 96h. The 
drug differentially inhibited cell proliferation in a dose and time 
dependent manners. From 24h onward, the maximal decrease of 
50% in proliferation in these cells was found to be at 4.57nM 
(Figure 1A). The proliferation of the MCF-7 cell was also mon-
itored after admission of Rapamycin for 24h, 48h, 72h, and 96h. 
However, the maximal decrease in cell number reached 48% at 
9.17nM (Figure 1B) and was obtained after exposure to Rapa-
mycin for over 24h. Higher doses of Rapamycin did not decrease 
cell proliferation beyond 50% in these cells.

Telomerase activity following treatment with Rapamycin
 After inspecting the inhibitory effect of epoxomicin on 
cell proliferation we assessed its effect on telomerase activity 
(TA) by the quantitative TRAP assay. Both cell types exhibited a 
differential decrease in TA in response to Rapamycin. Following 
the treatment of Jurkat cells for 24h TA increased by 32%. After 
48h TA increased by only 10%. Treatment of cells for 72h and 
96h led to a reduction in TA by 20% and 32% respectively (Fig-
ure 2A). In MCF-7 cells an increase of 20% in TA was observed 
following exposure of the cells to Rapamycin for 24h. Only after 

96h of treatment a marked decrease (56%) in TA was obtained 
(Figure 2B). In order to further explore regulatory aspects of TA 
following Rapamycin treatment we analyzed the cells at early 
stages occurring prior to TA inhibition in both cell types. 

Figure 1. The proliferation of Jurkat and MCF7 cells after expo-
sure to Rapamycin. Jurkat (A) and MCF7 (B) cells were grown in 
the presence of Rapamycin at 0 – 15 nM for 24h, 48h, 72h, and 
96h, and their proliferation was evaluated by the WST-1 (Jurkat) 
or SRB (MCF7) methods. Each dose represents mean (%) ± S.E of 
three or more independent experiments conducted in quadru-
plicates. P-value for each data series – < 0.05.

Figure 2. Telomerase activity following exposure to Rapamy-
cin. Jurkat (A) and MCF7 (B) cells were grown in the presence 
of 5nM and 10nM Rapamycin, respectively, for 24h, 48h, 72h, 
and 96h. The kinetics of telomerase activity (TA) was assessed 
via a quantitative TRAP assay. Each dose represents mean (%) 
± S.E of three or more independent experiments conducted in 
duplicates. *Indicates P-value < 0.05
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as96h of treatment a marked decrease (56%) in TA was obtained 
(Figure 2B). In order to further explore regulatory aspects of TA 
following Rapamycin treatment we analyzed the cells at early 
stages occurring prior to TA inhibition in both cell types. 

The effect of Rapamycin on telomerase regulation
 To decipher the mechanisms underlie the effect of 
Rapamycin on telomerase regulation, we assessed the putative 
effects of the drugs in both cell types. We measured the two lev-
els of telomerase regulation that are considered the major regu-
latory modalities on telomerase activity: the transcriptional level 
and the post translational. 

hTERT gene expression following Rapamycin treatment of 
Jurkat and MCF-7 cells
 The expression of hTERT was evaluated by Q-RT-PCR. 
Rapamycin treatment for 24h reduced hTERT mRNA levels in 
Jurkat cells by 24% (Figure 3A). However, the levels of hTERT 
mRNA expression in MCF-7 did not decrease but possessed a 
small, not statistically significant, increase of 18% (Figure 3B). 

These differences in hTERT mRNA expression may suggest that 
the decrease in TA observed in the Jurkat cells after Rapamycin 
exposure was transcriptionally mediated. In the MCF-7 cells the 
regulation seemed to occur at a different level. Following this ob-
servation and to further understand why the transcription of the 
hTERT gene was reduced in response to the drug we explored 
the effect of Rapamycin on the binding of transcription factors to 
the hTERT promoter by the ChIP assay and compare them to the 
total cellular levels of these factors.

The levels of transcription factors binding to the hTERT 
promoter and their cellular levels following Rapamycin 
treatment 
 To understand which mechanism induced the decrease 
in hTERT expression in the Jurkat cells, we followed the levels 
of binding of the four major transcription factors WT1, NF κB, 
c-Myc and SP1 to the hTERT core promoter by the Chroma-
tin Immunoprecipitation (ChIP) assay. Rapamycin reduced the 
binding of SP1, c-Myc, and WT1 (a negative regulator of TA) 
and increased the binding of NFκB to the promoter of hTERT in 
Jurkat cells (Figure 4A). 
    To understand whether the decreased binding of the 
various transcription factors to the hTERT promoter after Rapa-
mycin treatment stemmed from a general reduction in their cel-
lular levels, we measured their protein levels by Western blotting 
using specific antibodies. The results showed that Rapamycin 
induced a change in the expression of these factors of +82%, 
-28%, -28%, and +11%, for WT1, NFκB, c-Myc, and SP1 re-
spectively (Figure 4C). The decrease in expression of c-Myc and 
SP1 was much smaller than that of the actual binding of the tran-
scription factors to the hTERT promoter. We therefore attribute 
the effect of Rapamycin on telomerase activity to the decreased 
binding of these transcription factors to the hTERT promoter. 
The increase in NFκB binding to the hTERT promoter in light of 
a small decrease in its cellular levels emphasizes the importance 
of this specific binding and defines NFκB as a regulator of TA in 
response to Rapamycin.

The effect of Rapamycin on the phosphorylation of telomer-
ase and its upstream kinases 
    Telomerase is phosphorylated and thus becomes ac-
tivated by two kinases - AKT and PKCα. In order to explore 
whether the effects of Rapamycin on TA were mediated by affect-
ing the post-translational regulation of the enzyme we assessed 
the levels of the phosphorylated form of telomerase and its kinas-
es in response to Rapamicin treatment by immunoprecipitation 

Figure 3. hTERT mRNA gene expression following 24h exposure 
to Rapamycin. Jurkat (A) and MCF7 (B) cells were grown with and 
without Rapamycin. Telomerase activity was assessed by the 
TRAP (Telomere Repeat Amplification Protocol) assay accord-
ing to the manufacturer’s instructions. Each column represents 
mean of TA (%) ± S.E of three or more independent experiments 
conducted in duplicates. *Implies statistical significance.
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and Western immunoblot analysis. An increase of 171% in the 
phosphorylation of hTERT in Jurkat cells (Figure 5A, C) and 
a reduction of approximately 28% of the enzyme’s phosphory-
lation in MCF-7 cells (Figure 5B, C) were observed following 
24h exposure of the cells to the IC50 values of Rapamycin in 
each cell type. Exposure of cells to Rapamycin for 24h induced 
18% reduction in the level of the phosphorylated form of AKT 
in MCF-7 cells, while the phosphorylation levels of PKCα in-
creased by 40% (Figure 6). 

Figure 4. hTERT transcription factors in Jurkat cells after Rapa-
mycin treatment. (A). Relative binding of the transcription 
factors SP1, c-Myc, WT1, and NFkB to the hTERT promoter; 
(B). Example of one representative Western blot, out of three, 
of transcription factor levels in Jurkat cells exposed to 5ng/ml 
Rapamycin for 24h; (C). Quantification of the cellular levels 
of SP1, c-Myc, WT1, and NFkB. Transcription factor binding 
was measured by ChIP assay; quantity of transcription factor 
in the cells was measured by Western blot. Each column rep-
resents mean of TA (%) ± S.E of three or more independent 
experiments conducted in duplicates. *Implies statistical sig-
nificance. P-value < 0.05

Figure 5. The levels of phosphorylated proteins following ex-
posure to Rapamycin. (A). Examples of one representative 
Western blot experiment, of hTERT protein levels in Jurkat 
cells after exposure to 5nM Rapamycin; (B). Examples of one 
representative experiment of hTERT protein levels in MCF7 
cells after exposure to 10ng/ml Rapamycin; (C). Quantitation 
of the phosphorylated levels of phospho-hTERT in response to 
Rapamycin for 24h.  p - phosphorylated; t - total. Each column 
represents mean (%) ± S.E of three or more independent ex-
periments conducted in duplicates. *Implies statistical signifi-
cance of P-value < 0.05.
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Telomere length after exposure to Rapamycin
    Long-term effects of Rapamycin on telomere length 
were followed in both cell lines. Jurkat and MCF-7 cell lines 
were exposed to a non-lethal (1nM) dose of Rapamycin over 
several months and DNA was extracted after 1, 2, and 4 months 
of growth of MCF-7 cells, and 2, 4, and 6 months of growth of 
Jurkat cells. This non-lethal dosage decreased TA by 15% - 20% 
in both cell lines after 96h of Rapamycin exposure (not shown). 
Accordingly, telomeres were mildly shortened following the 
drug exposure, both in Jurkat and MCF-7 cells (Figure 7). Telo-
mere length in Jurkat cells decreased by 25% over the course of 
six months (from 5.1kb to 3.8kb) and in MCF-7 cells the length 
of telomeres decreased by 28% during that time (from 5.4kb to 
3.9kb). 

Discussion
    One of the major aspirations in cancer research is the 
development of agents capable of selectively targeting aberrant-
ly regulated pathways which are essential to the malignant cell. 
Telomerase is such a target since it fulfils these two conditions: 
specificity and essentiality for cancer cells34. Therefore and in 
the light of its remarkable importance in the biology of malig-
nancy, the effects of various drugs on its activity may be espe-
cially important. 
    Rapamycin targets the mTOR pathway which regulates 
the translation of ribosomal proteins. Rapamicin was approved 
as an immunosuppressant by both the FDA and the European 
Commission by the year 2000 and its anticancer activity was 
shown against several kinds of solid cancers3. However, not all 
of Rapamicin targets were identified so far [15].
    The overlap between the mTOR pathway and telomer-
ase regulation lies among other places with AKT which phos-
phorylates telomerase on one hand, and is a downstream target of 
mTOR on the other hand. Therefore, we focused in this research 
on the possible crosstalk between telomerase activity and the 
mTOR pathway, as both play a significant role in various cancer 
types and due to the added value of identifying telomerase as 
another possible target for Rapamycin.
    Our results show that Jurkat and MCF-7 cells exhibit-
ed deviating sensitivities to the anti-proliferative effect triggered 
by Rapamycin. The effect on both cell types appeared to be cy-
tostatic, while Jurkat cells possessed a higher sensitivity to the 
drug than MCF-7. Rapamycin differently affected TA in the two 
cell types. While Jurkat cells showed a 20%-32% decrease in 
TA after 72h- 96h drug’s exposure, TA in MCF-7 cells was sub-
stantially decreased by 56% after 96h of exposure. The decrease 
in TA in these cell lines supports previous studies showing that 
the effect of Rapamycin is not limited to cancerous cells apop-
tosis but may affect other targets [2, 16, 17]. The drug interferes 
in various ways to inhibit TA in our setting: one pathway being 
the transcriptional level (Jurkat cells) by the decrease in hTERT 
mRNA expression and the other is the post-translational modifi-
cations level of its catalytic subunit by its kinases (MCF-7 cells). 
    Previous studies conducted by others and our laborato-
ry have shown that TERT promoter activity is usually regulated 
by a variety of transcription factors. The most important which 
target its core promoter are WT1, NFκB, c-Myc, and SP1 [13, 
18- 19]. In Jurkat cells, the down-regulation of TA is mediated by 
a reduced mRNA expression of hTERT. This reduction was con-
trolled by a decrease in the binding of the c-Myc and SP1 tran-
scription factors, and an increase in NFkB binding. The decrease 
in the expression of the hTERT gene after Rapamycin treatment 
stems from the summation of the binding of these transcription 
factors: whereas the binding of two out of three positive regula-
tors: c-Myc and SP1 markedly decreased in response to the drug, 
the binding of the third factor NFB increased, accompanied by 
a decrease in the negative regulator WT1. These contradictory 
changes resulted in a relative small decrease in the hTERT ex-
pression. Western blot analysis revealed a decrease in c-Myc and 
NFkB levels and an increase in WT1 level following Rapamy-
cin exposure. However – ChIP analysis proved that while NFkB 
decreased in its cellular quantity, it bound more affectively to 
the hTERT promoter in response to the drug. This contradict-

Figure 6. The levels of phosphorylated proteins following ex-
posure to Rapamycin. (A). Examples of one representative 
Western blot experiment out of three of protein levels in 
MCF7 cells after exposure to 10nM Rapamycin; (B) Levels of 
Phosho-AKT and phosphor-PKC proteins levels after exposure 
of MCF7 cells to 10nM Rapamycin for 24h. Each column rep-
resents mean (%) ± S.E of three or more independent exper-
iments conducted in duplicates. p - phosphorylated; t - total. 
P-value < 0.05

Figure 7. Telomere length after long- term exposure to a 
non-lethal dose of Rapamycin. Telomere lengths of Jurkat 
(left) and MCF7 (right) after exposure to 1 ng/ml Rapamycin 
over a period of 1, 2, 4, and 6 months.
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ing effect on quantity vs. binding pattern was also seen in WT1 
which showed a far lower binding ability. Lower binding ability 
was also seen in SP1 and c-Myc. In their study, Shapira et al. 
and Sitaram et al. described the same phenomenon, regarding the 
changes in SP1 and WT1 binding to the gene’s promoter respec-
tively [20, 21]. The common roles of c-Myc SP1 and WT1 have 
also been well documented over the years. c-Myc and WT1 are 
known to activate proto-oncogenes [22], while SP1 and c-Myc 
are positive activators of hTERT transcription [19, 23]. 
    In contrast to Jurkat cells, the regulation on TA in re-
sponse to Rapamycin in MCF-7 cells was mainly post transla-
tional. Rather, the decrease in TA after Rapamycin exposure was 
mediated post-translationally.
    Rapamycin induced a slight decrease in phospho-AKT 
levels and a marked increase in phospho-PKC in MCF-7 cells, 
accompanied by a decrease in the phosphorylated form of 
hTERT. We therefore concluded that the decrease in telomerase 
phosphorylation may be mediated mainly by a decrease in the 
level of pPKCα. These findings support those of Daniel, Peek, 
and Tollefsbol as well as Sasaki et al. [24, 25], which suggest-
ed that AKT is an up-regulator of hTERT transcription and nu-
merous articles published by Yamada et al. regarding the ability 
PKC to activate telomerase [26-28]. However, the fact that in 
our setting the phosphorylation levels of PKCα increased, may 
explain why the phosphorylation of hTERT, as a sum effect of 
these two kinases, decreased by ~25% and not more in response 
to Rapamycin exposure. The notion that, out of the two tested 
kinases, PKC is responsible for the change in telomerase activity 
is strengthened when taking into account the findings of Sarbass-
ov et al., who showed that after 24h of exposure the levels of 
AKT are reduced below the point needed to maintain an active 
signaling pathway [29]. Bae-Jump et al. in type I and type II en-
dometrial carcinomas showed that in these cancers Rapamycin 
sensitivity was independent of AKT status. Though their work 
also showed a decrease in hTERT levels that was not seen in this 
cell line [30].
    In the Jurkat cell line the levels of phosphorylated 
hTERT were far higher after exposure to Rapamycin. This may 
provide an explanation as to why we found an increase in TA, 
but a decrease in expression of hTERT mRNA after exposure to 
Rapamycin. It seems that the increase in phosphorylation was 
able to overcome the increase of the greater binding of the inhibi-
tory factor NFκB, and the dwindling in the binding of the hTERT 
activating factors and therefore the overall decrease in telomer-
ase activity did not exceeded 30% in response to Rapamycin. 
More experiments are probably needed in order to explore the 
effects of the complex dynamics of the various transcription fac-
tors binding, cellular levels and the phosphorylation of TERT 
and its kinases in this setting.
    In both cell types telomere length, after exposure to a 
non-lethal dose of Rapamycin, slightly decreased by 25%. This 
relatively small change may derive from the cells attempt to 
protect themselves from the onslaught imposed by Rapamycin 
treatment. This protection mechanism is more pronounced in the 
MCF-7 line than in Jurkat cells. In addition, the minimal dosage 
of Rapamycin inhibits telomerase activity only by 20%, which 
may not be sufficient to shorten telomeres even after longer ex-
posure to the drug. In contrast to our findings, in a recent study 

published at 2011, Ungar et al. showed that upon exposure to 
Rapamycin yeast telomeres shorten noticeably [3]. 
    In the light of the crucial role of telomerase in can-
cer cells, it was important to characterize the possible relation 
between telomerase activity and Rapamycin and distinguish the 
biochemical mechanism of its regulation. However, the changes 
in cellular phenotype after exposure to this macrolide antibiotic 
result from the effects of many signal transduction processes that 
are either inhibited or catalyzed by the treatment. In this respect, 
the effect of the drug on the kinetics of cell’s proliferation dif-
fered from its effect on telomerase activity kinetics. This differ-
ence may imply that the two signals transduction pathways lead-
ing to telomerase activation and cell proliferation are mutually 
exclusive and that proliferation of these cells is probably not de-
pendent on telomerase activity. A similar phenomenon has been 
shown by us [31, 32] as well as others [33, 34]. The relatively 
small change following prolonged exposure of the cells to a min-
imal dosage of Rapamycin (which minimally decrease telomer-
ase activity) may point to other consequences of the inhibition of 
telomerase in response to the drug. Such consequences may be 
attributed to telomerase’s extracurricular activities which affect 
numerous cellular pathways in non-telomeres dependent path-
ways. These include, among others, an RNA-dependent RNA 
polymerase (RdRP) activity in the mitochondria, involvement 
in apoptosis [35] and in the WNT signaling pathway [35-37. 
Therefore, the inhibition of telomerase activity may cause dam-
age to other cellular features including those that will perturb its 
extracurricular activities. It is therefore suggested to study these 
effects in a future study. 
    We hope that the knowledge gained from this work 
will lead to the examination of new combinations of Rapamycin 
and other anti-cancerous agents, thus enhancing Rapamycin’s 
effect, leading to further advances in the never-ending quest to 
find effective anti-cancer treatments.
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