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Introduction

Altered transcriptional regulation is a common characteristic, 
and often a driving force of oncogenesis. Deregulation of tran-
scription factors may result from aberrations in upstream elements 
of cell signaling cascades. Alternatively, abnormal activity of a 
transcription factor may result from direct mutation of the cor-
responding gene. Both types of events are known to contribute to 
hyperactivation of the ETS family of transcriptional regulators, 
the founding member of which is an oncogene in a transform-
ing retrovirus.1 Its closest human homologs are key mediators of 
transforming functions of common human oncogenes2 and can 
transform cells upon overexpression in experimental models.3,4 
These and other ETS proteins have been shown to control genes 
whose products accelerate cell growth, motility, and survival.5

Not surprisingly, multiple ETS family members are frequently 
affected by mutations leading to cancer. For example, ETV1 is 
commonly involved in chromosomal translocations that result 
in multiple fusion proteins including EWS-ETV1 in Ewing sar-
coma and at least 10 ETV1 partners in prostate cancer.6 While 
some gene fusion events change amino acids at the N-terminus 
of ETV1, others results in N-terminal truncation or overexpres-
sion of the full-length protein. In addition, to the aforementioned 
chromosomal rearrangements, ETS genes, such as ETV1, are also 
known to be genetically deregulated by other means, leading to 
prostate cancer,7 melanoma,8 and gastrointestinal stromal tumors 
(GISTs)9. For instance, 50–70% of prostate cancers overexpress 
of full-length or truncated forms of ETS genes,10,11 while greater 

than 40% of melanomas and greater than 50% of GISTs display 
increased levels of ETV1 in particular.7,8

The exact mechanism by which elevated ETV1 activity affects 
cancer progression is not fully understood. Previously, it was 
shown that various ETS family members, including ETV1,12 can 
be phosphorylated in response to the Ras/MAPK signaling path-
way, resulting in increased stimulation of target genes that are 
often associated with the promotion of cancer cell phenotypes, 
such as proliferation, migration, and invasion.13,14 Furthermore, 
Hollenhorst et al. recently reported that oncogenic ETS pro-
teins, and ETV1 in particular, can directly initiate elements of 
a transcriptional program characteristic of cells transformed by 
oncogenic Ras/MAPK signaling.15 Interestingly, some ETS fam-
ily members function as bona fide tumor and metastasis suppres-
sors, while others evoke a pro-mitogenic transcriptional program 
concomitantly with activation of tumor suppressor genes or 
their products.16-19 A possible outcome is that a mitogenically-
stimulated cell becomes hypervigilant to potentially mutagenic 
impacts,20 and, consequently, the incidence of cancer is reduced 
due to induction of cell death or growth arrest in dangerously 
affected cells.

Intriguingly, an insertional event creating an anti-sense tran-
script from the ETV1 gene has been found in a genetic screen 
for the mutants with reduced transcriptional activity of p53 (ref. 
21 and unpublished). This prompted us to investigate a possible 
mechanism of ETV1-p53 connection. In this study we report 
that ETV1 reduces tolerance of cancer cells to wild-type p53 and 
increases transcription of the key regulator of p53, p14ARF. This 
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eTV1 (eTs variant 1) is a transcription factor from the eTs family and an oncogene in several types of human malig-
nancies. Paradoxically, a predicted inactivating mutation in eTV1 was previously found in a clone of hT1080 cells with 
reduced activity of p53. We report that elevated expression of eTV1 makes p53-null tumor cells hypersensitive to restora-
tion of said tumor suppressor. Furthermore, elevated levels of either wild-type eTV1 or its truncated derivative, deTV1, 
which mimics the product of an oncogenic rearrangement in certain tumors, results in increased expression of mRNa for 
p14aRF, a known activator of p53. accordingly, expression of a luciferase reporter, which is driven by a putative aRF pro-
moter, was elevated by concomitant expression of either eTV1 or deTV1. Our observations point to yet another example 
of a tumor suppressor gene being activated by a potentially oncogenic signal. a better understanding of the mechanisms 
that allow a cell to bypass such safeguards is needed in order to predict and prevent the development of an oncogene-
tolerant state during cancer evolution.
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phenomenon may serve as one of the blocks on the way of cancer 
progression.

Results

ETV1 reduces tolerance of p53-null cancer cells to re-intro-
duction of wild-type p53

To investigate whether increasing ETV1 expression can stim-
ulate p53 activity we employed p53-null Saos-2 osteosarcoma 

cells, which are generally suppressed by re-expression of p53. 
However, there is some background survival upon reintroduc-
tion of functional p53, allowing for the establishment of clones 
that stably express p53,22 perhaps, because the level or activity of 
the protein is not high enough to induce death. We speculated 
that if ETV1 potentiates the tumor-suppressive function of p53, 
then expression of ETV1 would reduce the tolerance of Saos-2 
cells to p53. This could be detected as a reduction in the num-
ber of viable clones upon reintroduction of this tumor suppres-
sor. For this purpose, we generated Saos-2 derivatives retrovirally 
transduced with wild type ETV1, anti-sense ETV1, or the corre-
sponding empty vector (pBabePuro). Stably engineered cultures 
were then infected with either a p53-expressing construct or the 
respective empty vector (pMV12), and were selected for the pres-
ence of the vector-encoded hygromycin resistance marker. The 
general susceptibility to retroviral infection was not affected by 
the ETV1 status, as is evidence by a similar yield of hygromycin-
resistant cells in all three cultures infected with pMV12 (Fig. 1). 
In contrast, we noticed a dramatic reduction in the yield of colo-
nies among p53-transduced cells that were pre-engineered with 
ETV1, as compared with the cells that were pre-engineered with 
anti-sense ETV1 or the empty vector (Fig. 1A). We concluded 
that overexpression of ETV1 strongly reduces the tolerance of 
p53-null cells to re-introduction of this tumor suppressor.

The response of non-transformed human cells to ETV1 is 
partially dependent on p53

We hypothesized that if an increase in ETV1 activity 
enhances suppressive functions of p53, then the cells that still 
harbor wild-type p53 may be sensitive to overexpression of 
ETV1. Furthermore, in such a system, a reduction in p53 activity 
would be expected to improve tolerance to ETV1. In order to test 
this hypothesis, we examined tolerance to ectopic expression of 
ETV1 among immortalized non-transformed human mammary 
epithelial cells (hTERT-HME1) that were pre-engineered with 
an expression construct for dominant-negative p53 fragment 
(GSE 5623) or the respective empty vector (pLXSN). These cells 
were infected with a retrovirus encoding ETV1 or the respec-
tive empty vector (pBabePuro), and the number of viable cells 
was compared upon completion of puromycin selection. When 
adjusted for the titer of each retrovirus, there was a dramatic 
decrease in the yield of ETV1-transduced cells, indicating that 
hTERT-HME1 are very sensitive to this transgene (Fig. 1B). By 
this criterion, the tolerance to ETV1 was approximately three 
times higher among the cells that express dominant-negative p53 
(Fig. 1B), confirming involvement of this tumor suppressor in 
the response of hTERT-HME1 to ETV1.

Overexpression of ETV1 elevates the levels of ARF mRNA
One of the mechanisms by which activity of p53 is elevated 

is by relieving this protein from the inhibitory and destabilizing 
effects of MDM2. The ability to sequester MDM2 away from 
p53 has been attributed to the product of an alternative reading 
frame of INK4A locus (a.k.a. ARF),24 and expression of the latter 
is known to be upregulated by oncogenic signals.25 Furthermore, 
elevated ARF expression is known to sensitize p53-resistant 
tumor cells to p53.26 We set forth to investigate whether elevated 
expression of ETV1 could upregulate ARF. Importantly, ARF 

Figure 1. (A) eTV1 reduces tolerance of saos2 to re-expression of p53. 
p53-deficient saos-2 cells harboring an expression construct for eTV1, 
anti-sense eTV1 (aseTV1) or the corresponding empty vector (pBabe-
Puro) were superinfected with a p53-expressing construct or the corre-
sponding empty vector (pMX12). The cells were selected for the presence 
of the pMX12-encoded hygromycin resistance marker. The numbers 
of remaining cells were compared using methylene blue staining and 
extraction method. Results for each arm of the experiment were nor-
malized for the number of cells in pBabePuro-transduced populations.  
(B) Tolerance to eTV1 overexpression is enhanced by interference with 
the function of p53. hTeRT-hMe1 harboring either dominant-negative 
p53 fragment (Gse56) or the respective empty vector control (pLXsN) 
were infected with an eTV1-expressing retrovirus, or the respective 
empty vector control (pBabePuro). The yield of puromycin-resistant cells 
was measured using methylene blue staining and extraction method. 
The results were adjusted for virus titer and are scaled relative to the 
numbers of cells in pBabePuro-transduced populations.
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may also have some p53-independent functions,27 and this phe-
nomenon (along with limited efficiency of GSE56) might explain 
why interference with the function of p53 only partially averted 
sensitivity to ETV1 in hTERT-HME1 cells (Fig. 1B).

We have generated Saos-2 cells stably transduced with 
either wild-type human ETV1 or its truncated form, dETV1, 
which mimics the variant overexpressed in some cancers 
(Fig. 2A). Interestingly, while dETV1 may be missing parts 
of the N-terminal transactivation domain, it retains the puta-
tive C-terminal transactivation domain,12 as well as the ability 
to increase expression of, at least, some of the ETV1-responsive 
genes, thereby initiating ETV1-dependent biological processes.7

Quantitative RT-PCR revealed that the cells expressing either 
transgene had elevated levels of ARF, as compared with the cells 
transduced with the respective control vector (Fig. 2B).

ETV1 upregulates ARF promoter
We hypothesized that ETV1 exhibits its effect on ARF 

mRNA primarily by enhancing the function of the correspond-
ing promoter. In order to test this prediction, we created a lucif-
erase construct driven by a fragment of approximately 1.2 kbps 
from human ING4A locus. This sequence corresponds to the 
translation start site and 5′-untranslated region of ARF mRNA, 
as well as the immediate upstream genomic fragment (Fig. 3A). 
Co-transfection of this plasmid with an ETV1-expressing con-
struct into 293T cells resulted in elevated luciferase expression 
(Fig. 3B). On the other hand, co-transfection with ETV1 did 
not affect a luciferase reporter driven by the immediate-early pro-
moter of human cytomegalovirus (Fig. 3B), suggesting that the 
effect on the ARF-driven reporter was not due to a non-specific 
increase in luciferase abundance or function.

We further explored the function of the ARF promoter 
reporter in the Saos-2 cells engineered with ETV1- or dETV1-
expressing constructs or the corresponding empty vector. 
Luciferase activity was significantly elevated upon transfection 
into the cells that expressed either one of the ETV1 variants, as 

compared with the activity of the reporter in cells harboring the 
corresponding empty vector (Fig. 3C). We conclude that ETV1 
and its tumor-derived variant can specifically enhance the func-
tion of ARF promoter.

Discussion

Our results indicate that elevated levels of ETV1 increase the 
sensitivity of cancer cells to the inhibitory effects of the tumor 
suppressor, p53. This phenomenon coincides with increased 
expression of the gene for the p53 activator, ARF. Importantly, 
both the wild-type ETV1 and a truncated ETV1 variant, which 
mimics the forms of the protein found in some cancers, are able 
to increase the activity of ARF promoter. The quantitative differ-
ences in the activities of the ETV1 variants may represent bona 
fide biological distinctions, or merely differences in the expres-
sion levels achieved in specific assays. Importantly, when acting 
as oncogenes, these forms are found overexpressed to various 
degrees relative to the wild type protein in normal cells. Hence, 
both would be expected to elevate ARF transcription, but the 
exact effect would largely depend on the level of overexpression 
of a particular form in a given tumor.

The phenomenon described here follows suit with the many 
documented cases of growth-promoting factors also increasing 
the likelihood of growth-suppressive or apoptotic responses in 
a cell (e.g., refs. 20 and 28–31). The prevalence of this theme 
in intracellular signaling networks could be easily explained. 
Persistent proliferative signaling may indicate an oncogenic aber-
ration. Moreover, even a normal proliferating cell is at a higher 
risk of converting incidental DNA damage into a dangerous 
mutation. This warrants extra-vigilant surveillance for the pro-
liferative signals that appear out of the proper cell cycle context 
or coincidentally with genotoxic stress. Such surveillance is natu-
rally achieved through coupling such signals with expression of 
tumor suppressors. For example, various potentially oncogenic 

Figure 2. effect of eTV1 and deTV1 expression on p14aRF mRNa expression. (A) schematic representation of eTV1 deletion mutant, deTV1. The deTV1 
variant lacks 131 N-terminal amino acids, which results in the loss of a transactivation domain position from amino acids 42 to 73. The DNa-binding 
eTs domain, as well as another putative transactivation domain spanning amino acids 437–462, remains intact at the c-terminal end. The scheme is not 
drawn to scale. (B) p14aRF mRNa expression in saos-2 cells constitutively expressing eTV1 or deTV1 was measured by quantitative RT-PcR, normalized 
to mean GaPDh transcript levels and reported relative to that in cells harboring the respective empty vector control (pBabePuro). Results are shown as 
means and standard deviations of three independent replicas.
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transcription factors stimulate transcription of ARF32-35 or 
change properties in the presence of this protein.36 Consequently, 
many growth-promoting oncogenes are poor initiators of trans-
formation in normal cells; rather than causing sustained tumor 
growth, they tend to cause death or growth arrest of the affected 
cell. Therefore, in the most efficient scenario of tumor progres-
sion, activation of classical oncogenes has to be accompanied by 
changes that would make it more tolerable to a cell. In some cases, 
this is further complicated by the engagement of multiple paral-
lel tumor-suppressive mechanisms by the same oncogene. In this 
case, the individual role of a particular tumor suppressor varies 
depending on the genetic and environmental circumstances, and 
inactivation of just one of the tumor suppressors may be insuffi-
cient to fully induce the state of oncogene tolerance (discussed by 
Gil and Peters37). Interestingly, akin to other ETS family mem-
bers,38 ETV1 has been identified recently as a possible regula-
tor of the p16-specific promoter in the INK4A locus.39 Together 
with the data presented here, this suggests that the activity of 

ETV1 is also under intense scrutiny of tumor suppressors. The 
need to establish a state of tolerance toward ETS-family mem-
bers before a cancer may benefit from these oncogenes could 
explain why upregulation of these proteins represents a progres-
sion, rather than initiation event,40 and why overexpression of 
ETV1 is found predominantly in clinical samples from advanced 
tumors.41 Furthermore, the relatively late activation of ETS fam-
ily members, including ETV1, is supported by the fact that such 
activation is sometimes achieved via different genetic events in 
different tumor cells from the same patient.42,43

The fragment of ARF promoter used in our studies con-
tains sequences, which conform to the ETV1-binding motif.44 
However, binding specificity of ETS-family proteins is known to 
change depending on posttranslational modifications and inter-
actions with other proteins.13,45 Thus, we cannot rule out that the 
phenomenon observed here is mediated by modified ETV1 or 
an ETV1-containing complex, which binds to a non-canonical 
site. Furthermore, it remains possible that induction of ARF 

Figure 3. The effect of eTV1 and deTV1 on aRF promoter activity. (A) The structure of the aRF-luciferase reporter paRF-luc. a fragment of human 
genome that corresponds to a portion of INK4a exon 1b and the putative aRF promoter was introduced into pGL3Basic plasmid upstream of the 
firefly luciferase coding region. Translation start sites corresponding to p14aRF and luciferase (show in bold) are maintained in the same open read-
ing. Nucleotide positions are numbered relative to the transcription start site of aRF (“Tss”). The scheme is not drawn to scale. (B) eTV1 increases aRF 
promoter activity. paRF-luc was co-transfected with a constitutive β-galactosidase reporter pRsV-βgal and either an eTV1-expressing construct or the 
corresponding empty vector control (pBabePuro). The luciferase activity was normalized for that of β-galactosidase and shown relative to that in vector-
transfected cells. (C) eTV1 does not increase the activity of cMV immediate early promoter. cMV-driven luciferase construct pLNcLuc was co-transfected 
with pRsV-βgal and either an eTV1-expressing construct or the corresponding empty vector control (pBabePuro). (D) eTV1 and deTV1 promote aRF 
gene expression in saos-2 cells. p14aRF promoter activity in saos-2 cells was measured following co-transfection of paRF-luc and pRsV-βgal into saos-2 
cells pre-engineered with the indicated transgenes (see Fig. 2). Luciferase activity was normalized to that of β-galactosidase and is presented relative to 
the levels in cells expressing empty vector control (pBabePuro). Results are shown as the means and standard deviations of three independent replicas.
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transcription is mediated by ETV1 indirectly, through activation 
of additional transcription factors.

The role of ETS family proteins as drivers of tumor progres-
sion positions them as desirable therapeutic targets, and prospec-
tive drugs targeting these proteins are being actively developed.46 
However, activation of tumor suppressors by ETV1 also brings 
up the paradoxical possibility that therapeutic targeting of ETV1 
in certain situations may be undesirable. In particular, ARF is 
an activator of p53, which is known to sensitize some cancers to 
killing by chemotherapy and divert others into the senescence 
program.47,48 ARF may also sensitize cells to certain treatments 
in a p53-independent manner.49 Consequently, ETV1 activity 
in the presence of intact ARF and p53 in certain context might 
have a net positive effect on the therapeutic responsiveness of the 
disease. It remains to be seen whether the ARF-p53 pathway is 
functionally retained in any of the tumors with elevated ETV1 
activity.

The observation that ETV1 upregulates tumor suppressors 
poses a critical question: what mechanisms are employed by can-
cer cells to circumvent those safeguards? Although ARF, p16, and 
p53 are sometimes mutated in prostate cancer,50 the frequency 
of these events appears lower than the frequency at which ETS 
family members are activated in this cancer.11 It is also impor-
tant to note that ARF is able to induce both p53-dependent and 
-independent tumor-suppressive responses,27 which makes it even 
harder to circumvent its activity. In this regard, attention must 
be given to mechanisms of epigenetic control of the entire INK4 
region, which are expected to govern production of 3 tumor sup-
pressors at once (p15, p16, and ARF),37 as well as to the proposed 
simultaneous and synergistic suppression of the products of this 
locus at both epigenetic and posttranslational levels.51,52 A bet-
ter understanding of the state of oncogene tolerance is needed 
in order to predict the likelihood of tumor origination and pro-
gression, as well as to devise future interventions, which would 
reverse such tolerance and turn an activating oncogene into an 
engine of tumor suppression.

Materials and Methods

hTERT-HME1 (Clontech, Inc., C4002-1) were propagated as 
previously reported.53 The culture of other cell lines and retrovi-
ral transduction were performed as described elsewhere.54 Virus 
titers were determined on p53-deficient H1299 cells. Cell num-
bers were compared using methylene blue staining and extraction 
method.55

ETV1 coding region was amplified from a pool of total cDNA 
of human fibrosarcoma HT1080 cells and cloned into pBabe-
Puro56 to create pBabePuroETV1 construct. The sequences 
coding for the first 59 amino acids following the translational 

start codon were removed from pBabePuroETV1 to make 
pBabePurodETV1.

In order to construct ARF luciferase reporter (pARF-luc), 
a fragment of human genomic DNA was amplified from BAC 
clone 478M20 (acquired from a library at Roswell Park Cancer 
Institute) using GCCGCTCCTT CCTTTCCTTG and 
GATGACTCCT CGGTCGCAGA primers. The PCR frag-
ment was cut FatI (New England Biolabs, R0650) and RsaI 
(New England Biolabs, R0167) and inserted between EcoIRCI 
(Promega, R6951) and NcoI (New England Biolabs, R0193) sites 
of pGL3 Basic immediately upstream of the Luciferase gene.

ARF transcripts were detected and quantified using quanti-
tative real-time RT-PCR. GAPDH was the endogenous control 
used for normalization of the data. Each primer set was posi-
tioned in different exons of the gene in order to avoid amplifica-
tion of contaminating genomic DNA. The nucleotide sequences 
were: ARF primers, CTACTGAGGA GCCAGCGTCT 
and CACGGGTCAG GTGAGAGTG, GAPDH primers, 
GTCTCCTCTG ACTTCAACGC G and ACCACCCTGT 
TGCTGTAGCA A. RNA from the Saos-2 cells was isolated 
using the RNeasy, RT kit (Qiagen, 74104). cDNA was synthe-
sized using SuperScript® III Reverse Transcriptase (Invitrogen, 
18080044). PCR reactions were performed using an ABI Prism 
7900 Sequence Detection System and IQ SYBR Green SuperMix 
(BioRad, 1708880). The thermal cycling conditions com-
prised 2 min at 50 °C, 10 min at 90 °C, and 1 min at 60 °C for 
40 cycles. The data was analyzed using Applied Biosystems RQ 
Manager 1.2.1.

All transient transfections were performed using 
Lipofectamine® LTX and Plus Reagent (Invitrogen, 15338030) 
according to the manufacturer’s recommendations. For transient 
transfection of 293T cells, pBabePuro or pBabePuroETV1 was 
mixed with pARF-luc or pLNCLuc57 and a constitutively active 
β-galactosidase reporter pRSV-βgal58 in a 2:1:2 ratio, respec-
tively. For transient transfection of Saos-2-derived cells, pARF-
luc and pRSV-βgal were mixed in 1:2 ratio. Forty-eight hours 
post transfection, the cells were lysed, the activity of the report-
ers was measured using a β-Galactosidase Enzyme Assay System 
(Promega, E2000) and a Luciferase Assay System (Promega, 
E1500) kits, and luciferase activity was normalized for that 
β-galactosidase.
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