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Perifosine as a potential novel anti-telomerase therapy
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ABSTRACT
Most tumors circumvent telomere-length imposed replicative limits through
expression of telomerase, the reverse transcriptase that maintains telomere
length. Substantial evidence that AKT activity is required for telomerase activity
exists, indicating that AKT inhibitors may also function as telomerase inhibitors.
This possibility has not been investigated in a clinical context despite many clinical
trials evaluating AKT inhibitors. We tested if Perifosine, an AKT inhibitor in clinical
trials, inhibits telomerase activity and telomere maintenance in tissue culture and
orthotopic xenograft models as well as in purified CLL samples from a phase II
Perifosine clinical trial. We demonstrate that Perifosine inhibits telomerase activity
and induces telomere shortening in a wide variety of cell lines in vitro, though there
is substantial heterogeneity in long-term responses to Perifosine between cell lines.
Perifosine did reduce primary breast cancer orthotopic xenograft tumor size, but
did not impact metastatic burden in a statistically significant manner. However,
Perifosine reduced telomerase activity in four of six CLL patients evaluated. Two of the
patients were treated for four to six months and shortening of the shortest telomeres
occurred in both patients’ cells. These results indicate that it may be possible to
repurpose Perifosine or other AKT pathway inhibitors as a novel approach to targeting
telomerase.

INTRODUCTION

proliferative stem cell compartments by telomerase, a
ribonucleoprotein reverse transcriptase that uses its RNA
component, hTR/hTERC, to template the addition of new
telomere repeats onto the ends of the telomeres. Because
catalytically active telomerase is not expressed in most
human somatic tissue, reactivation of telomerase is a
barrier that nearly all cancer cells must overcome in order
to become a life-threatening tumor [4].
Activation of telomerase is one of the most common
perturbations observed in malignancy, present in roughly
90% of tumors [5]. Given this high rate of activation
in tumors, low redundancy in telomere maintenance
mechanisms and the absence of telomerase activity in
most somatic cell compartments, telomerase inhibitors
could be effective against a broad spectrum of tumors

The ends of chromosomes are protected from
recognition as double strand DNA breaks by telomeres,
nucleoprotein structures on the ends of the chromosomes
which consist of telomeric TTAGGG repeats and
telomere-binding proteins known collectively as the
Shelterin complex (TRF1, TRF2, TIN2, TPP1, POT1 and
Rap1) [1]. Because of the end replication problem and
difficulty in repairing telomeric DNA damage, telomeres
shorten in telomerase-negative human cells at a rate of
50-100 base pairs per cell division [2]. When telomeres
become sufficiently short, an unrepairable DNA damage
signal initiates a p53/p21-mediated growth arrest [3]. This
process is partially prevented in the germ line and certain
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with minimal effects on most normal tissues. There are a
number of telomerase inhibitors in clinical testing, notably
Imetelstat, an oligonucleotide competitive inhibitor of the
telomerase active site [6]. Recent setbacks in the clinical
trajectories of telomerase inhibitors [7] underscore the
need for new strategies for telomerase inhibition.
AKT, also known as Protein Kinase B, is a serine/
threonine kinase downstream of PI3K, important in a
wide variety of signaling events [8]. The protein subunit
of telomerase, TERT, has two consensus RXRXXS/T
AKT phosphorylation motifs at S227 and S824, both of
which are involved in proper nuclear localization of the
telomerase holoenzyme [9, 10]. AKT, HSP90, mTOR and
S6 kinase form a complex with TERT [11], and Rapamycin
has been reported to reduce telomerase activity [12]. These
studies provide the rationale that inhibition of AKT may
be a viable anti-telomerase strategy.
Perifosine is an orally available alkylphospholipid
in phase III clinical trials for multiple myeloma.
Perifosine inhibits AKT activity by interfering with
the pleckstrin homology domain of AKT, preventing
its membrane localization and phosphorylation [13].
Perifosine’s oral availability, long half-life in blood
(~100 hours) and low side effect profile [14] make it an
excellent candidate for use as an AKT-mediated antitelomerase therapy, as any anti-telomerase maintenance
therapy must be tolerable for long periods of time.
Here, we report that low, clinically achievable doses of
Perifosine (1.84µM and 4.6 µM) can induce progressive
telomere shortening in a variety of cell lines from multiple
tumor cell backgrounds without accelerating telomere
shortening in telomerase negative fibroblasts. We also
show that long-term Perifosine treatment can reduce
soft agar colony formation to a greater extent than acute
Perifosine treatment. Further, using both a xenograft
model of an anti-telomerase therapy protocol and
clinical samples from human CLL patients treated with
Perifosine in a phase II clinical trial, we show that longterm Perifosine treatment inhibits telomerase activity and
reduced the shortest telomere lengths over time in vivo.

1.84 uM and 4.6 uM Perifosine (1/8th and 1/2 of the Hela
LD50, respectively) because the blood concentrations from
orally-available doses of Perifosine are reported to be the
same order of magnitude as the LD50 for a number of cell
lines including Hela cells [14, 16]. We observed that 12
of 20 cell lines exhibited telomere shortening after PD 20
(Figure 1A) with a high degree of heterogeneity. Perifosine
did not alter the normal rate of telomere shortening in the
BJ fibroblast telomerase negative cell line, suggesting
telomere shortening was telomerase-dependent. Extended
Perifosine exposure continued to drive telomere
shortening in Hela cells, but did not accelerate telomere
shortening in BJ fibroblasts (Figure 1B). Treatment with
Perifosine also altered telomerase enzymatic activity in
most but not all cell lines tested (Figure 1C). Some cell
lines with reduced telomerase activity did not exhibit
telomere shortening. Additionally, AKT inhibitor IV,
another AKT inhibitor induced telomere shortening upon
continuous administration, though two other compounds
that target this pathway did not cause telomere shortening
(Supplemental Figure 5).
To determine if Perifosine exposure and concomitant
telomere shortening could impact growth parameters via
a subset of critically short telomeres, we performed a
soft agar colony formation assay on Hela cells that had
not been treated with Perifosine (control cells), Hela
cells treated with Perifosine during the soft agar colony
formation assay (transient treated cells), and Hela cells
treated with Perifosine for 70 population doublings prior
to the assay and during the assay (long-term treated cells).
Long-term Perifosine treatment significantly (p = 0.04)
reduced the number of colonies per well, while transient
treatment with Perifosine did not induce a statistically
significant reduction in colony number (Figure 1D).

Metastatic xenograft test of perifosine as a
telomerase inhibitor
Though other telomerase inhibitors have been
tested in xenograft models, measurement of the telomeres
from human tumor cells separated from mouse support
cells extracted from a xenograft has not been reported
[17-20]. To determine if Perifosine can influence the
growth and telomere dynamics of tumor cells in a more
physiologically relevant setting, we developed a human
breast cancer xenograft model that allowed long-term
primary and metastatic tumor growth, followed by
extraction of human cells and measurement of telomeres
with minimal mouse cell contamination (see methods).
HCC38 breast cancer cells were selected because they
respond strongly to low doses of Perifosine in vitro and
they exhibit very short baseline telomere length (Figure
1A).
Treatment with Perifosine reduced primary tumor
size compared with untreated tumors (Figure 2A), though
long-term treatment with doses sufficient to induce

RESULTS
In vitro effects of perifosine on telomerase activity
and telomere length
To evaluate the effects of Perifosine on telomere
length and telomerase activity, we cultured a panel
of cell lines exposed to clinically relevant Perifosine
concentrations for extended periods of time. Due to the
heterogeneity in signaling dependence in cancer cell
lines [15], we decided to test the way telomere biology
responded to Perifosine in a large panel of cell lines
(Supplemental Table 1). We assayed cell lines treated with
www.impactjournals.com/oncotarget
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telomere shortening in vitro did not produce a statistically
significant reduction in recurrent primary or metastatic
tumor burden as measured by luciferase signal intensity
(Figure 2B). There was no significant difference of mean
telomere length between control and treated tumors
of any type, though telomeres from recurrent primary
tumors and lung metastatic tumors were significantly
shorter compared to primary tumors in the treatment
group, indicating that Perifosine may have functioned as a
telomerase inhibitor in vivo but longer treatments may be
required (Figure 2C).

cancer [21, 22]. Most applications of Perifosine feature
cycles of exposure followed by non-exposure, limiting
the applicability of these trials as models of Perifosinemediated telomere shortening. However, one trial [23]
tested continuous low-dose Perifosine exposure in CLL
patients, and we were able to assay telomere length and
telomerase activity in purified tumor samples from a
subset of these patients with remaining usable samples.
Samples from two patients who had been treated
for 4 and 5 cycles (112 and 140 days) were available
from before therapy, cycle 1 day 8, cycle 4 day 1 (day
84), and at discontinuation of treatment, while four other
patients had samples from before initiation of therapy
and at cycle 1, day 8. Telomerase enzymatic activity was
reduced at cycle 1 day 8 in four of the six patients tested.
Telomerase activity was lower than before initiation of
therapy at discontinuation in both patients treated for 4
or more months (Figure 3A). However, mean telomere

Telomere length and telomerase activity in CLL
tumor samples treated with perifosine
Perifosine is in clinical development in a variety
of tumor types such as renal carcinoma and colorectal

Figure 1: Perifosine induces telomere shortening in vitro. Initial testing indicated that Perifosine treatment induced telomere

shortening over 20 population doublings of exposure in a variety of cancer cell types, while Perifosine did not accelerate telomere shortening
in the telomerase negative BJ fibroblast line A., though there was a large degree of heterogeneity in response to Perifosine. Prolonged
treatment with Perifosine (70 population doublings) led to further telomere shortening in Hela cells, while not accelerating shortening
in BJ cells B., indicating that long-term treatment with Perifosine could result in continuous telomere shortening. Perifosine treatment
had variable effects on telomerase enzymatic activity C., measured as number of telomerase extension products per cell input, though
changes in enzymatic activity were not always consistent with changes in telomere length. Continuous long-term treatment with Perifosine
interfered with colony formation and growth in soft agar D., suggesting that it may be a viable anti-telomerase therapy.
www.impactjournals.com/oncotarget
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vitro do not lead to a reduction in mean TRF in spite of
the reduced telomerase activity measured. To test if the
shortest telomeres in the population were getting shorter,
we performed universal Single TElomere Length Analysis
(Uni-STELA) in order to quantify the length and dynamics
of the shortest telomeres in these samples.
There was a significant reduction in total UniSTELA product length in patient 5, while there was no
change in patient 11 (Figure 4A and 4B). However, there
was a reduction in the mean length of the shortest quartile
of Uni-STELA products in both patients, indicating that
the shortest telomeres were indeed becoming shorter
(Figure 4C). This is important since it is the shortest
telomeres that will result in inhibition of cell growth or
induction of apoptosis [25].

length in the bulk population did not change with extended
Perifosine treatment in these two patient specimens
(Figure 3B).

Universal STELA measurement of the shortest
telomeres in Perifosine-treated CLL samples
CLL is composed of varying proportions of
proliferative cells depending on a number of poorlyunderstood factors; for most patients, the majority of
the tumor is both non-proliferative and telomerase
negative, though periodic reversion to a telomerase
positive proliferative state is believed to occur [24]. Due
to this slow turnover, it is possible that quantities of time
sufficient to produce measurable telomere shortening in

Figure 2: Perifosine reduces primary tumor size and may inhibit telomere maintenance in a xenograft model. Perifosine

treated primary tumors were smaller on average compared to control tumors A.. However, neither recurrent primary tumor nor metastatic
tumor load were significantly reduced by Perifosine treatment B.. Telomere length in treated recurrent primary and metastatic tumors was
significantly shorter in treated mice C., though there was not a significant difference between control and treated tumors of any type.
www.impactjournals.com/oncotarget
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DISCUSSION

c-circle abundance roughly equal to SW13, a cell line
known to utilize ALT (Figure S6), suggesting that in this
case a telomerase-dependent telomere shortening effect of
Perifosine may have been prevented because HCC4017
uses ALT to maintain telomeres. Furthermore, Perifosine
may impact telomere length through multiple mechanisms
due to the heterogeneity in response in cell lines in
vitro and that a number of cell lines exhibited telomere
shortening with continuous Perifosine treatment without a
reduction in telomerase activity.
Inhibition of telomerase activity occurred in some
lines that exhibited telomere shortening in response to
Perifosine, though a change in telomerase activity did not

This work has shown that Perifosine, an AKT
inhibitor, can prevent telomere maintenance in vitro, in
xenograft models and in CLL patients continuously treated
with Perifosine. Perifosine did not increase the normal
rate of telomere length reduction in telomerase negative
cells, indicating that the reduction in telomere length was
telomerase-dependent in cancer cells. HCC4017 did not
have telomere shortening in response to Perifosine, and
because of its very low baseline activity we evaluated
it for the presence of c-circles, a marker for Alternative
Lengthening of Telomeres (ALT) [26]. HCC4017 had

Figure 3: Perifosine reduces telomerase enzymatic activity but does not affect mean telomere length in human CLL.

Perifosine reduced telomerase enzymatic activity at discontinuation as compared to prior to initiation of therapy in both patients treated for
long periods of time, and reduced telomerase activity at day 8 following treatment in four of six patients analyzed A.. However, Perifosine
did not affect mean telomere length measured by TRF in purified tumor cells in either patient treated for extended periods of time B. (B =
Before therapy, 1.8 = Cycle 1 day 8, 4.1 = Cycle 4 day 1, D = Discontinuation of therapy).
www.impactjournals.com/oncotarget
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universally predict an alteration in telomere length. Both
H2009 and H1819 exhibited telomere shortening without a
reduction in telomerase activity, suggesting that Perifosine
may impair telomere maintenance in some backgrounds
in a telomerase enzymatic activity independent manner,
such as by regulating telomerase nuclear localization.
AKT may modulate telomerase activity through a number
of mechanisms, and Perifosine impacts pathways other
than AKT, such as the p38 pathway [27], which may help
explain some of the varying telomere biological responses

to the drug. It is possible that Perifosine’s other activities
may be responsible for the observed telomere shortening.
We found that sub-lethal concentrations of the AKT
inhibitor IV also resulted in telomere shortening over time,
though cells treated with AKT inhibitor I and the Dual
Pathway Inhibitor (two other small molecules reported to
inhibit AKT) did not exhibit telomere shortening in a pilot
series of experiments (Figure S5), suggesting that AKTindependent activities of the drugs in question may be
responsible for the effects on telomerase.

Figure 4: Perifosine induced shortening of the shortest telomeres in continuously treated CLL tumor samples. Universal

Single Telomere Length Analysis (Uni-STELA) of the shortest telomeres A. indicates a reduction in mean STELA product length in one
of two patients at discontinuation compared with before therapy B., and a reduction in the length of the shortest quartile (Q1) of STELA
products in both patients C. (B = Before therapy, 1.8 = Cycle 1 day 8, 4.1 = Cycle 4 day 1, D = Discontinuation of therapy).
www.impactjournals.com/oncotarget
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Somatic telomerase activity in mouse cells
coupled with the fact that laboratory mouse telomeres
are an order of magnitude larger than human telomeres
[28] have complicated pre-clinical evaluation of
telomerase inhibitors in the past. In this study, we mostly
circumvented the problem of mouse cell contamination
of tumor samples through brief tissue culture and the
induction of mouse cell death with puromycin treatment
since the human tumor cell line was puromycin resistant.
Because telomere length predominantly changes during
cell division, short periods of time in tissue culture are
unlikely to alter telomere length, though small changes
as a result of 1-4 population doublings in tissue culture
may have occurred. A recent study [17] measured telomere
length in xenografts treated with Imetelstat without
removing mouse cells, and it is possible that their telomere
length data could have been biased by mouse telomere
contamination. Indeed, the band present above the 18.8
kilobase ladder band in the non-tumor-bearing mouse
lung tissue sample in Figure S2 appears in all xenograft
samples in that study, and optimization experiments
conducted prior to this work indicate that the presence
of 20% by mass mouse contamination of a human DNA
sample is sufficient to produce a dramatically biased
measurement of telomere length (Figure S3). Improved
methods to distinguish between murine and human
telomeres in xenograft samples such as that presented
here should improve understanding of telomere biology in
more physiological contexts in the future.
Though there was a difference between primary,
recurrent primary and metastatic tumor telomere length
within the treated group in the xenograft model, there
was not a significant difference in mean telomere length
between control tumors and treated tumors, indicating
that Perifosine was not sufficient to induce dramatic
telomere shortening in this xenograft model during the
relatively short treatment period. It is possible that the
mouse microenvironment included some stimulus that
antagonized the function of Perifosine, such as estrogen
or normoxia, both of which have been associated with
increased telomerase activity [29, 30]. It is also possible
that the observed small differences in telomere length
between tumor sites are the result of founder effects from
the parent population, though this seems unlikely because
telomere length in the primary tumors was longer than
subclones of the parental HCC38+GFP+Luc cell line in
vitro (Figure S1). It remains possible that cells with short
telomeres in the cell population may have dropped out
during the treatment in vivo resulting in a survivorship
advantage to cells with longer telomeres.
This is the first study of a telomerase inhibitor used
in the clinic to evaluate changes in telomere length over the
course of treatment. Telomere length is a vital biomarker
of the efficacy of treatment with a telomerase inhibitor,
since the aim of anti-telomerase therapy is to impose a
replicative limit on tumors through progressive telomere
www.impactjournals.com/oncotarget

shortening leading to apoptosis. Changes in mean telomere
length were modest, 300-400bp reduction in length of
the shortest quartile, in response to Perifosine. It is also
possible that clonal evolution within the tumor sample
may be partially responsible for the effect observed, and
follow-up studies that monitor STELA product length
in CLL samples treated with drugs that do not modify
telomere length will be required to rule out a clonal
evolution event as the cause. The number of samples
available from this trial was small, and we were unable
to rule out possible confounding effects from factors such
as lifestyle changes that can result in changes in telomere
length [31, 32]. Treatment beginning earlier in the course
of the disease and continuing for longer periods of time
would be predicted to cause further reduction in telomere
length, which is viable given Perifosine’s generally
mild toxicity profile at the doses used. Shortening of the
shortest telomeres is the most important indicator of a
replicative limit [25], and the reduction in length in the
shortest quartile of telomeres observed in these patients
is encouraging. It is possible that Perifosine provided in a
setting of minimal residual disease may prevent relapses
in specific subsets of patients by imposing a limit on
replication.
The reduction in telomerase enzymatic activity
demonstrated in purified tumor samples from Perifosinetreated CLL patients, coupled with the observation of a
reduction in the length of the shortest telomeres indicates
that Perifosine may be a viable anti-telomerase therapy.
Interestingly, mild thrombocytopenia and leukopenia
were observed in the clinical trials of Perifosine. These
toxicities are the same as those observed with another
telomerase inhibitor, Imetelstat [33]. In the genetic
disorders of impaired telomere maintenance such as
Dyskeratosis Congenita [34] similar clinical presentations
have been observed. It is possible that this overlap may
be due to “on target” effects of the drugs via dysregulated
hematopoietic stem cell maintenance via telomerase
inhibition, rather than specific idiosyncrasies of the drugs
themselves.
One other study has examined telomerase activity
in human patients treated with the telomerase inhibitor,
Imetelstat, in PBMCs of pediatric solid tumor patients
[33]. They observed a decrease in telomerase activity,
albeit with a high degree of heterogeneity. Telomerase
enzymatic activity in the tumor or PBMCs is a
mechanistically relevant biomarker of the efficacy of antitelomerase therapy that should be examined in greater
detail in future studies of telomerase inhibitors.
Perifosine can inhibit telomerase activity in vitro
heterogeneously depending on a number of factors yet to
be discovered, and this telomerase inhibition can be used
to limit cell growth. In summary, long-term treatment with
Perifosine induced the shortest quartile of telomeres to
shorten in both CLL patients treated in excess of 4 months
and inhibited telomerase activity in 4 of 6 patients within
7
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8 days of initial treatment. Overall these results suggest
Perifosine may be useful as an anti-telomerase therapy.

subsequently sacrificed and lung tumor burden was
measured by luciferase activity. Tumor samples were
disassociated and cultured for telomere analysis at primary
removal in week 6 as well as from both recurrent primary
and lung metastatic tumors in week 12. All xenograft
experiments were conducted under UT Southwestern
IACUC approval.
The treated group was given an initial loading dose
of 62.6 mg/kg Perifosine suspended in sterile PBS by oral
gavage in the first week of treatment followed by weekly
maintenance doses of 35.8 mg/kg Perifosine which are
reported to maintain Perifosine blood concentrations
between 12 uM immediately following a dose and 5 uM
immediately prior to a dose based on previous studies on
Perifosine pharmacokinetics in mice [36].

MATERIALS AND METHODS
Cell culture and in vitro drug treatment
All cells were cultured at 37° C in 5% CO2, in
Media X (HyClone, Logan UT) with the addition of 10%
calf serum (HyClone, Logan, UT). Cells were treated
with the indicated concentrations of Perifosine with
media changes and fresh Perifosine added every 3 days;
cells were passaged 1:32 when they approached 100%
confluence.
The other AKT inhibitors, AKT inhibitor I, AKT
inhibitor IV, and the PDK1/AKT/Flt Dual Pathway
Inhibitor (EMD4 Biosciences), were tested under the
same conditions as Perifosine using the concentrations
indicated, replaced every three days.
HCC38 cells expressing a Luciferase (HCC38
+ Luc) construct were obtained from the Brekken lab
(UT Southwestern). HCC38 + Luc cells were infected
with a lentiviral vector bearing an empty pGipZ plasmid
containing GFP and puromycin resistance genes
(HCC38+Luc+GFP).

Explant culture
Following surgical excision, tumor samples were
placed into 750 uL of Gibco Minimum Essential Media
(MEM; Life Technologies) on ice and transported to the
tissue culture facility. Tumor samples were then chopped
into small pieces with autoclaved surgical scissors and
resuspended in 750 uL MEM containing 0.5 mg/mL
Liberase DL research grade (Roche). Tissue was incubated
at 37° C for 60 minutes under agitation at 225 RPM.
Fragments were further dissociated by repeat pipetting
through 10, 5, and 1mL pipettes (5x each), and then
filtered through a 200 micrometer nylon mesh. Samples
were centrifuged at 1500 x g for 5 minutes, and then
resuspended in 10mL Media X + 10% fetal calf serum
+ 5 ug/mL puromycin and plated into 10cm dishes for
cell culture to remove mouse cells. Fresh Media X + 10%
fetal calf serum + 5ug/mL puromycin was replaced 3 days
following cell culture to remove dead cells. On day 7 of
puromycin selection (to remove mouse contaminating
cells), culture dishes were washed 2x with 10 mL
phosphate buffered saline, and then harvested for TRF
analysis by trypsinization (5 minutes).

Soft agar colony formation assay
The soft agar colony formation was performed as
in [35] with a number of modifications. The assay was
performed in triplicate in 12-well plates, at a density of
1500 cells per well. In addition to the two agar layers,
0.5mL Media X +10% calf serum was added either with
the addition of 1.84uM Perifosine (long-term treated
and transiently treated cells) or without the addition of
Perifosine (control cells). Cells were allowed to grow
under these conditions for four weeks, replacing the media
with fresh media every three days. At the conclusion
of week 4, colonies were imaged and counted with the
ImageJ analysis software.

Surgical procedure
For orthotopic mammary fat pad xenograft
injections, mice were anesthetized with 2% continuous
isoflurane and the area of the incision was thoroughly
cleaned with 70% ethanol and betadine. A small incision
was made over the right axillary fat pad and 3x106
HCC+Luc+GFP cells suspended in 50uL autoclaved
PBS+EDTA were injected into the fat pad using a
30-gauge needle. The incision was closed with wound
clips, and mice were placed in a recovery cage on a
heating pad. Mice were given 0.1mg/kg intraperitoneal
buprenorphine analgesia following breathing stabilization
postoperatively and 24 hours later. All surgical instruments
were autoclaved prior to operating and a hot bead sterilizer

Xenograft design
The second mammary fat pads of 30 (15 control and
15 treated) 6-8 week old female NOD/SCID IL2G mice
(obtained from an on-campus supplier) were injected
with 3*10^6 HCC38 breast cancer cells, and tumors
were allowed to grow for 2 weeks before Perifosine was
administered to the treated group. Primary tumors were
measured once weekly in weeks 4 to 6 by digital calipers.
Primary tumors were removed after measurement in week
6. Bioluminescent measurements of recurrent primary
tumor burden were obtained in week 12. The mice were
www.impactjournals.com/oncotarget
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was used to sterilize tools between subjects.
The primary tumors were removed using the same
anesthesia and pre-surgical conditions as the xenograft
injection procedure. A small incision was made in the skin
directly overlying the tumor, and the skin/subcutaneous
tissue surrounding the tumor was carefully dissected
free from the tumor surface circumferentially using
both blunt and sharp dissection. The entire macroscopic
primary tumor was removed when possible; however
in cases where the primary tumor was involving
surrounding structures (brachial artery, chest wall or
forelimb musculature) a small amount of tumor was left
in situ. Incisions were closed with wound clips, and mice
were placed in a recovery cage on a heating pad, given
buprenorphine analgesia, and monitored until ambulatory.

Universal STELA data was quantified using the
manufacturer’s software (GeneSnap) for the Syngene
G-Box (Syngene, MD), using the quantitative methods
for determining the molecular weight of western blot data.
The TRF ladders run on the gel were used to establish
areas of known molecular weight, and the molecular
weight of each STELA product was established from the
ladders as determined by the software. The automated
band identification algorithm provided with the software
was used to identify peaks, with minimal human curation
to remove obvious errors (e.g. two signals for one band,
clearly misidentified bands).

Bioluminescence imaging

CLL samples (10 million cells/pellet) were purified
as part of the previous IRB approved clinical study at
Duke University Medical Center [23]. Patients in that
study were treated with 50 mg twice daily oral Perifosine
for up to six months. Unused samples from the human
clinical trial protocol were used for these experiments.

Human samples

40 mg/mL D Luciferin (Gold Biotech, MO)
suspended in autoclaved PBS was injected subcutaneously
in mice anesthetized with 2% continuous isoflurane. Mice
were placed on a heated imaging stage for ten minutes,
and then imaged using the IVIS Lumina imaging system
(Perkin Elmer, MA). Luciferase signals were quantified
using the manufacturer’s software. Mice were sacrificed
immediately following acquisition of the recurrent primary
tumor image in week 12; lungs were removed and imaged
under the same conditions.

Statistical analysis
Two-sided t-tests performed with Graphpad Prism 7
software were used to compare group means.

Study approval

Animal care

The human and animal studies were conducted with
approval from the relevant institutional review boards.
Human subjects gave written informed consent prior to
their inclusion in the phase II trial.

Animals were housed in a pathogen-free facility and
the animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) at the
University of Texas Southwestern Medical Center.

ACKNOWLEDGMENTS

Telomere length and telomerase enzymatic
activity assays

Perifosine was kindly provided by AEterna Zentaris
GmbH.

Terminal restriction fragment assays were performed
as in [37]. The droplet-digital TRAP (ddTRAP) assay
was performed as described in [38]. The c-circle assay
was performed as described in [26]. Universal STELA
was performed as in [39], with the exception that a prelengthened, pre-annealed form of the panhandle primer
pair was used in order to omit the fill-in step. Panhandle
oligos were pre-annealed by heating at 95ºC for 5 minutes,
followed by cooling to 25ºC at a rate of 1ºC per minute
in New England Biolabs buffer 2 (New England Biolabs,
MA). The sequence of the 42-mer panhandle primer
was 5’-TGTAGCTGAAGACGACAGAAAGGGCGT
GGTGCGGACGCGGG-3’, and the 44-mer was
5’-TACCCGCGTCCGCACCACGCCCTTTCTGT
CGTCTTCACGCTACA-3’.
www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST
The authors have declared that no conflict of
interest exists.

GRANT SUPPORT
These studies were supported in part by NCI SPORE
P50CA70907, the Simmons Cancer Center Support
Grant 5P30 CA142543 and support from the Southland
Financial Corporation Distinguished Chair in Geriatric
Research (J.W.S. and W.E.W.). This work was performed
in space constructed with support from National Institute
of Health grant C06 RR30414.

9

Oncotarget

REFERENCES
1.

de Lange T. How shelterin solves the telomere endprotection problem. Cold Spring Harbor symposia on
quantitative biology. 2010; 75:167-177.

2.

Wu P, Takai H and de Lange T. Telomeric 3’ overhangs
derive from resection by Exo1 and Apollo and fill-in by
POT1b-associated CST. Cell. 2012; 150:39-52.

3.

Takai H, Smogorzewska A and de Lange T. DNA damage
foci at dysfunctional telomeres. Current biology : CB. 2003;
13:1549-1556.

4.

Kim NW, Piatyszek MA, Prowse KR, Harley CB, West
MD, Ho PL, Coviello GM, Wright WE, Weinrich SL and
Shay JW. Specific association of human telomerase activity
with immortal cells and cancer. Science. 1994; 266:20112015.

5.

Shay JW and Bacchetti S. A survey of telomerase activity
in human cancer. European journal of cancer. 1997; 33:787791.

6.

Gellert GC, Dikmen ZG, Wright WE, Gryaznov S and Shay
JW. Effects of a novel telomerase inhibitor, GRN163L, in
human breast cancer. Breast cancer research and treatment.
2006; 96:73-81.

7.

8.

9.

inhibitor. Current oncology reports. 2009; 11:102-110.
14. Unger C, Berdel W, Hanauske AR, Sindermann H, Engel J
and Mross K. First-time-in-man and pharmacokinetic study
of weekly oral perifosine in patients with solid tumours.
European journal of cancer. 2010; 46:920-925.
15. Hennessy BT, Lu Y, Poradosu E, Yu Q, Yu S, Hall H,
Carey MS, Ravoori M, Gonzalez-Angulo AM, Birch R,
Henderson IC, Kundra V and Mills GB. Pharmacodynamic
markers of perifosine efficacy. Clinical cancer research :
an official journal of the American Association for Cancer
Research. 2007; 13:7421-7431.
16. Ruiter GA, Zerp SF, Bartelink H, van Blitterswijk WJ and
Verheij M. Anti-cancer alkyl-lysophospholipids inhibit the
phosphatidylinositol 3-kinase-Akt/PKB survival pathway.
Anti-cancer drugs. 2003; 14:167-173.
17. Barszczyk M, Buczkowicz P, Castelo-Branco P, Mack
SC, Ramaswamy V, Mangerel J, Agnihotri S, Remke
M, Golbourn B, Pajovic S, Elizabeth C, Yu M, Luu
B, Morrison A, Adamski J, Nethery-Brokx K, et al.
Telomerase inhibition abolishes the tumorigenicity
of pediatric ependymoma tumor-initiating cells. Acta
neuropathologica. 2014; 128:863-877.
18. Hu Y, Bobb D, Lu Y, He J and Dome JS. Effect of
telomerase inhibition on preclinical models of malignant
rhabdoid tumor. Cancer genetics. 2014; 207:403-411.

Chiappori AA, Kolevska T, Spigel DR, Hager S, Rarick M,
Gadgeel S, Blais N, Von Pawel J, Hart L, Reck M, Bassett
E, Burington B and Schiller JH. A randomized phase II
study of the telomerase inhibitor imetelstat as maintenance
therapy for advanced non-small cell lung cancer. Annals
of oncology : official journal of the European Society for
Medical Oncology / ESMO. 2014.

19. Marian CO, Cho SK, McEllin BM, Maher EA, Hatanpaa KJ,
Madden CJ, Mickey BE, Wright WE, Shay JW and Bachoo
RM. The telomerase antagonist, imetelstat, efficiently
targets glioblastoma tumor-initiating cells leading to
decreased proliferation and tumor growth. Clinical cancer
research : an official journal of the American Association
for Cancer Research. 2010; 16:154-163.

Ocana A, Vera-Badillo F, Al-Mubarak M, Templeton AJ,
Corrales-Sanchez V, Diez-Gonzalez L, Cuenca-Lopez
MD, Seruga B, Pandiella A and Amir E. Activation of the
PI3K/mTOR/AKT pathway and survival in solid tumors:
systematic review and meta-analysis. PloS one. 2014;
9:e95219.

20. Joseph I, Tressler R, Bassett E, Harley C, Buseman CM,
Pattamatta P, Wright WE, Shay JW and Go NF. The
telomerase inhibitor imetelstat depletes cancer stem cells
in breast and pancreatic cancer cell lines. Cancer research.
2010; 70:9494-9504.

Chung J, Khadka P and Chung IK. Nuclear import of
hTERT requires a bipartite nuclear localization signal and
Akt-mediated phosphorylation. Journal of cell science.
2012; 125:2684-2697.

21. Cho DC, Hutson TE, Samlowski W, Sportelli P, Somer
B, Richards P, Sosman JA, Puzanov I, Michaelson MD,
Flaherty KT, Figlin RA and Vogelzang NJ. Two phase 2
trials of the novel Akt inhibitor perifosine in patients with
advanced renal cell carcinoma after progression on vascular
endothelial growth factor-targeted therapy. Cancer. 2012;
118:6055-6062.

10. Kang SS, Kwon T, Kwon DY and Do SI. Akt protein
kinase enhances human telomerase activity through
phosphorylation of telomerase reverse transcriptase subunit.
The Journal of biological chemistry. 1999; 274:1308513090.

22. Bendell JC, Nemunaitis J, Vukelja SJ, Hagenstad C,
Campos LT, Hermann RC, Sportelli P, Gardner L and
Richards DA. Randomized placebo-controlled phase II
trial of perifosine plus capecitabine as second- or third-line
therapy in patients with metastatic colorectal cancer. Journal
of clinical oncology : official journal of the American
Society of Clinical Oncology. 2011; 29:4394-4400.

11. Haendeler J, Hoffmann J, Rahman S, Zeiher AM and
Dimmeler S. Regulation of telomerase activity and antiapoptotic function by protein-protein interaction and
phosphorylation. FEBS letters. 2003; 536:180-186.
12. Bae-Jump VL, Zhou C, Gehrig PA, Whang YE and
Boggess JF. Rapamycin inhibits hTERT telomerase mRNA
expression, independent of cell cycle arrest. Gynecologic
oncology. 2006; 100:487-494.

23. Friedman DR, Lanasa MC, Davis PH, Allgood SD, Matta
KM, Brander DM, Chen Y, Davis ED, Volkheimer AD,
Moore JO, Gockerman JP, Sportelli P and Weinberg JB.
Perifosine treatment in chronic lymphocytic leukemia:

13. Gills JJ and Dennis PA. Perifosine: update on a novel Akt
www.impactjournals.com/oncotarget

10

Oncotarget

results of a phase II clinical trial and in vitro studies.
Leukemia & lymphoma. 2014; 55:1067-1075.

The Journal of cell biology. 2014; 205:289-299.
35. Roig AI, Eskiocak U, Hight SK, Kim SB, Delgado
O, Souza RF, Spechler SJ, Wright WE and Shay JW.
Immortalized epithelial cells derived from human colon
biopsies express stem cell markers and differentiate in vitro.
Gastroenterology. 2010; 138:1012-1021 e1011-1015.

24. Damle RN, Temburni S, Calissano C, Yancopoulos S,
Banapour T, Sison C, Allen SL, Rai KR and Chiorazzi N.
CD38 expression labels an activated subset within chronic
lymphocytic leukemia clones enriched in proliferating B
cells. Blood. 2007; 110:3352-3359.

36. Vink SR, Schellens JH, van Blitterswijk WJ and Verheij M.
Tumor and normal tissue pharmacokinetics of perifosine,
an oral anti-cancer alkylphospholipid. Investigational new
drugs. 2005; 23:279-286.

25. Hemann MT, Strong MA, Hao LY and Greider CW. The
shortest telomere, not average telomere length, is critical for
cell viability and chromosome stability. Cell. 2001; 107:6777.

37. Herbert BS, Shay JW and Wright WE. Analysis of
telomeres and telomerase. Current protocols in cell biology
/ editorial board, Juan S Bonifacino [et al]. 2003; Chapter
18:Unit 18 16.

26. Henson JD, Cao Y, Huschtscha LI, Chang AC, Au AY,
Pickett HA and Reddel RR. DNA C-circles are specific
and quantifiable markers of alternative-lengthening-oftelomeres activity. Nature biotechnology. 2009; 27:11811185.

38. Ludlow AT, Robin JD, Sayed M, Litterst CM, Shelton DN,
Shay JW and Wright WE. Quantitative telomerase enzyme
activity determination using droplet digital PCR with single
cell resolution. Nucleic acids research. 2014; 42:e104.

27. Wang FZ, Fei HR, Li XQ, Shi R and Wang de C. Perifosine
as potential anti-cancer agent inhibits proliferation,
migration, and tube formation of human umbilical vein
endothelial cells. Molecular and cellular biochemistry.
2012; 368:1-8.

39. Bendix L, Horn PB, Jensen UB, Rubelj I and Kolvraa S.
The load of short telomeres, estimated by a new method,
Universal STELA, correlates with number of senescent
cells. Aging cell. 2010; 9:383-397.

28. Chadeneau C, Siegel P, Harley CB, Muller WJ and
Bacchetti S. Telomerase activity in normal and malignant
murine tissues. Oncogene. 1995; 11:893-898.
29. Guan JZ, Guan WP, Maeda T and Makino N. Different
levels of hypoxia regulate telomere length and telomerase
activity. Aging clinical and experimental research. 2012;
24:213-217.
30. Zhou C, Steplowski TA, Dickens HK, Malloy KM, Gehrig
PA, Boggess JF and Bae-Jump VL. Estrogen induction
of telomerase activity through regulation of the mitogenactivated protein kinase (MAPK) dependent pathway in
human endometrial cancer cells. PloS one. 2013; 8:e55730.
31. Ornish D, Lin J, Daubenmier J, Weidner G, Epel E,
Kemp C, Magbanua MJ, Marlin R, Yglecias L, Carroll
PR and Blackburn EH. Increased telomerase activity and
comprehensive lifestyle changes: a pilot study. The Lancet
Oncology. 2008; 9:1048-1057.
32. Ornish D, Lin J, Chan JM, Epel E, Kemp C, Weidner G,
Marlin R, Frenda SJ, Magbanua MJ, Daubenmier J, Estay
I, Hills NK, Chainani-Wu N, Carroll PR and Blackburn EH.
Effect of comprehensive lifestyle changes on telomerase
activity and telomere length in men with biopsy-proven
low-risk prostate cancer: 5-year follow-up of a descriptive
pilot study. The Lancet Oncology. 2013; 14:1112-1120.
33. Thompson PA, Drissi R, Muscal JA, Panditharatna E,
Fouladi M, Ingle AM, Ahern CH, Reid JM, Lin T, Weigel
BJ and Blaney SM. A phase I trial of imetelstat in children
with refractory or recurrent solid tumors: a Children’s
Oncology Group Phase I Consortium Study (ADVL1112).
Clinical cancer research : an official journal of the American
Association for Cancer Research. 2013; 19:6578-6584.
34. Holohan B, Wright WE and Shay JW. Cell biology of
disease: Telomeropathies: an emerging spectrum disorder.
www.impactjournals.com/oncotarget

11

Oncotarget

