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Abstract
Replicative senescence forms a major barrier to tumor progression. Cancer cells bypass this by using one of the
two known telomere maintenance mechanisms: telomerase or the recombination-based alternative lengthening of
telomeres (ALT) mechanism. The molecular details of ALT are currently poorly understood. We have previously
shown that telomerase is actively repressed through complex networks of kinase, gene expression, and chromatin
regulation. In this study, we aimed to gain further understanding of the role of kinases in the regulation of telome-
rase expression in ALT cells. Using a whole human kinome small interfering RNA (siRNA) screen, we highlighted
106 kinases whose expression is linked to human telomerase reverse transcriptase (hTERT) promoter activity. Network
modeling of transcriptional regulation implicated c-Myc as a key regulator of the 106 kinase hits. Given our previous
observations of lower c-Myc activity in ALT cells, we further explored its potential to regulate telomerase expression
in ALT. We found increased c-Myc binding at the hTERT promoter in telomerase-positive compared with ALT cells,
although no expression differences in c-Myc, Mad, or Max were observed between ALT and telomerase-positive cells
that could explain decreased c-Myc activity in ALT. Instead, we found increased expression of the c-Myc competitive
inhibitor TCEAL7 in ALT cells and tumors and that alteration of TCEAL7 expression levels in ALT and telomerase-positive
cells affects hTERT expression. Lower c-Myc activity in ALT may therefore be obtained through TCEAL7 regulation.
Thus, TCEAL7 may present an interesting novel target for cancer therapy, which warrants further investigation.
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Introduction
The induction of the permanent cell cycle arrest known as cellular
senescence is a major barrier to tumor progression [1–3]. Most human
cancers bypass telomere-dependent replicative senescence through tran-
scriptional up-regulation of the telomerase subunits human telomerase
RNA (hTR) and human telomerase reverse transcriptase (hTERT)
[4,5]. However, up to 77% of some mesenchymal tumor types [6,7]
use the intertelomeric and intratelomeric recombination-based mecha-
nism known as alternative lengthening of telomeres (ALT) [8]. Themo-
lecular details behind the decision to activate ALTor telomerase during
the process of immortalization are still poorly understood. ALT has prog-
nostic significance in a number of tumor types [9–13], and because ALT
tumors do not express significant levels of telomerase, telomerase-centered
therapeutics are unlikely to be of benefit to ALT tumor treatment. An
improved understanding of regulatory processes underlying the ALT
phenotype may yield potential targets for future intervention therapy.
Our previous studies have shown the existence of a complex net-

work of interactions through kinases [14], gene expression alterations
[15], and chromatin modification [16] that regulate telomerase expres-
sion in ALT and telomerase-positive cells. Network modeling of ex-
pression data also highlighted a potentially decreased level of c-Myc
activity in ALT cells, which we confirmed using an ELISA assay for
c-Myc DNA binding [15]. The Myc gene family is frequently over-
expressed in cancer [17] and is involved in the regulation of the cell
cycle, angiogenesis, and cell adhesion during neoplasia [18]. c-Myc
overexpression has been seen to be essential for an effective senescence
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bypass in melanoma and has proved an interesting target for senes-
cence induction therapy [19–21]. Furthermore, the expression of the
catalytic subunit of telomerase, hTERT, is activated by c-Myc [22].
Given the strict regulatory networks surrounding telomerase and the
decreased c-Myc activity in ALT cells, we have previously suggested
that c-Myc may be an important factor in the decision between the
use of ALT or telomerase during immortalization. Because we have
previously observed no significant difference in expression of c-Myc
between ALT and telomerase-positive cells, the regulatory mechanisms
behind the lower c-Myc activity in ALT remain to be elucidated.

In this study, we aimed to gain a further understanding of the role of
kinases in the complex regulatory network surrounding hTERT expres-
sion in ALT cells. Through the use of a small interfering RNA (siRNA)
kinase screen, we elucidated 106 kinases with the ability to affect hTERT
promoter activity by at least two-fold. Investigation of transcriptional
regulators of the kinase hits revealed c-Myc to be a critical regulator of
these kinases. In addition, through further investigation of c-Myc regula-
tion, we show that alterations in expression of the c-Myc competitive
inhibitor TCEAL7 may be one mechanism by which c-Myc activity
and hTERTexpression are differentially regulated in ALT cells.

Materials and Methods

Cell Culture
SKLU (lung adenocarcinoma), C33a (cervical carcinoma), and

SUSM1 (liver fibroblasts) were cultured in Dulbecco’s modified Eagle
medium (10% FBS and 2 mM L-glutamine) at 10% CO2. HT1080
(fibrosarcoma), KMST6 (lung fibroblasts), WI38-SV40 (SV40 immor-
talized lung fibroblasts), WI38 (normal lung fibroblasts), and IMR90
(normal lung fibroblasts) were cultured in minimum essential medium
(10% FBS and 2 mM L-glutamine) at 5% CO2. A2780 (ovarian car-
cinoma) and 5637 (bladder carcinoma) were cultured in RPMI 1640
(10% FBS and 2 mM L-glutamine) at 5% CO2. All culture media and
reagents were purchased from Invitrogen (Paisley, UK).

c-Myc Transcription Factor Binding Assays
Nuclear extracts were obtained from each cell line using the nu-

clear extract kit from Active Motif (Active Motif, Rixensart, Belgium)
as per the manufacturer’s instructions. c-Myc activity was measured
in duplicate samples for each cell line using TransAM transcription
factor binding ELISAs (Active Motif ) in triplicate as per the man-
ufacturer’s instructions. Briefly, nuclear extracts were incubated for
1 hour at room temperature with mild agitation in microwells coated
with consensus c-Myc oligonucleotide. After incubation, wells were
washed and probed for 1 hour with 1:1000 dilution of c-Myc antibody.
Antibody binding was detected using HRP-conjugated secondary and
the addition of developing and stop solutions. Optical density of wells
was measured at 450 nm, and a standard curve of recombinant c-Myc
protein was included in each assay along with blank negative control
and positive control wells containing Jurkat cell extract.

siRNA and Overexpression Plasmid Transfections
Whole kinome siRNA library screen (Applied Biosystems, Inc,

Foster City, CA) in SKLU cells was performed as previously pub-
lished [14]. In brief, 50 nM siRNA or noncoding siRNA control
(Applied Biosystems, Inc) were cotransfected with 250 ng of hTERT
reporter plasmid in 96-well plates (Thermo-Fisher Scientific, Rochester,
NY) using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions. Cell lysis was achieved using passive lysis buffer
(Promega, Madison, WI). Luciferase assay system (Promega) was
used to determine luciferase activities according to the manufacturer’s
instructions. TCEAL7 siRNA transfections were performed using
Dharmacon Smartpools (Thermo-Fisher Scientific) in 75-cm2 flasks.
TCEAL7 siRNA transfections for c-Myc activity were performed in
125-cm2 flasks. pCMV-XL4:TCEAL7 overexpression plasmid was
purchased from Origene Technologies, Inc (Rockville, MD), and all
transfections were performed in 75-cm2 flasks. All transfections were
performed in triplicate.

Bioinformatic Analysis
Fully MIAME-compliant gene expression microarray data were pre-

viously submitted to GEO under the accession numbers GSE14487
and GSE17118. Data were normalized to the 75th percentile using
Genespring GX (version 7.3; Agilent Technologies UK Ltd., South
Queensferry, UK), and c-Myc, Mad, and Max probe-normalized inten-
sities were exported to Excel (Microsoft Corporation, Redmond, WA)
for visualization. The interval plot of mesenchymal tumor data was
produced using Minitab (version 15; Minitab, Inc, State College, PA).
Transcriptional regulation networks were generated using transcriptional
regulation algorithms inMetaCore (Genego, St Joseph, MI; filters: posi-
tive and negative regulations, all mechanisms).

c-Myc Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as

per the manufacturer’s instructions (Millipore, Watford, UK) as pre-
viously published [14]. No antibody pull-downs were performed as
negative controls for each immunoprecipitation. Data are presented
as percentage of input after subtraction of any background detected
in the no antibody control.

RNA Extraction and Quantitative Polymerase Chain Reaction
RNA was extracted using the Nucleospin II RNA extraction kit

(Macherey-Nagel, Duren, Germany) according to the manufacturer’s
instructions. TCEAL7 and hTERT quantitative polymerase chain re-
action (qPCR) and hTERT promoter ChIP qPCR was performed
using the DyNAmo Hot star SYBR Green kit (Finnzymes, Espoo,
Finland) and Opticon 2 DNA Engine from MJ Research. Primer se-
quences were as follows:

TCEAL7f: GAAGGAAGAGCTGGTTGAT
TCEAL7r: GACCCCTTATCTCTTCCAA
hTERTf: CTGCTGCGCACGTGGGAAGC
hTERTr: GGACACCTGGCGGAAGGAG
CHIPTERTf: TCCCCTTCACGTCCGGCATT
CHIPTERTr: AGCGGAGAG AGGTCGAATCG

All qPCRs were normalized to S15 expression before taking fold of
control. S15 primers were as follows:

S15f: TCCGCAAGTTCACCTACC
S15r: CGGGCCGGCCATGCTTTACG

All qPCR experiments were performed in triplicate.

Telomerase Activity Assay
The TRAPeze XL kit was used for telomere repeat amplification

protocol (TRAP) assay according to the manufacturer’s instructions
(Millipore) as previously published [14].
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Statistical Analysis
Statistical analysis of ELISA, reverse transcription (RT)–PCR, and

TRAP assays were performed by unpaired t-test, using GraphPad Prism
software (GraphPad Software, San Diego, CA).
Results

siRNA Kinase Screen Highlights 106 hTERT
Regulatory Kinases
To probe kinase regulation of the ALT phenotype, we undertook an

siRNA kinase screen using an hTERT promoter luciferase reporter
construct in the ALT cell line SKLU. Three separate siRNA for 719
kinases and kinase-related genes were investigated. As in our previous
study [14], the cutoff we applied for hit assessment was a more-than
two-fold change in hTERT promoter activity in at least two of three
siRNAs. This resulted in 106 kinases that met the criteria (Figure 1
and Table W1). Examination of the regulatory effect of these hits
shows that 89 activate the hTERT reporter (promoter activity down-
regulated by siRNA) and 17 are inhibitors.
This interesting result indicates that SKLU cells retain many active

signaling components, which may be required for hTERT expression
in telomerase-positive cells. In the context of the ALT phenotype, it is
likely that their effects on telomerase are muted by additional regula-
tory systems including epigenetic changes at the hTERT promoter and
the altered gene expression networks we have previously observed. It
will be of interest to investigate the potential roles of the inhibitory
kinase hits identified here in these processes in future studies.
Figure 1. SiRNA kinase screen highlights 106 kinases with hTERT reg
more change in hTERT promoter activity in the same direction over
change in promoter activity of two or more different siRNA for each
Transcriptional Regulation Networks of 106 hTERT
Regulatory Kinases Highlight the Importance of c-Myc

Given that we have previously shown that the ALT phenotype in-
volves an altered transcriptional profile, we used network modeling
to investigate which transcription factors might affect and/or be af-
fected by the kinases identified as hits. Application of the transcrip-
tional regulation network inference algorithm in MetaCore from
Genego returned several networks centered on individual high-degree
transcription factor neighbors of the hits, including a number with
known hTERT regulatory functions (Table 1). Union of the net-
works surrounding the hTERT transcriptional activators STAT3,
SP1, and c-Myc (Figure 2A) and repressors p53 and the Androgen
receptor (Figure 2B) highlights the interplay between multiple can-
didate pathways that might influence the expression of hTERT in
ALT cells.

We have previously shown that c-Myc activity is lower in ALT cells
compared with telomerase-positive cells resulting in changes in the
Table 1. Transcriptional Regulation Analysis of 106 hTERT Regulating Kinases in MetaCore from
Genego Shows Known hTERT Regulating Transcription Factors and c-Myc as the Most Signifi-
cant Regulator.
No.
ulatory function
promoter-less
kinase assaye
Network
s. Kinases with tw
control plasmid. E
d in triplicate; erro
% of Hits Regulated
o siRNA that induce a two-
ach point indicates the a
r bars, SE of triplicate rep
P

1
 c-Myc
 17
 1.50e−48

2
 HNF4-α
 15
 2.42e−40

3
 p53
 14
 1.28e−37

4
 SP1
 13
 6.67e−35

5
 STAT3
 11
 1.73e−29
fold or
verage
eats.


















