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One hallmark of tumor formation is the transcriptional upregulation of human telomerase reverse tran-
scriptase, hTERT, and the resultant induction of telomerase activity. However, little is presently understood
about how hTERT is differentially activated in tumor cells versus normal somatic cells. Specifically, it is unclear
if oncoproteins can directly elicit ”TERT expression. To this end, we now show that three oncoproteins,
HER2/Neu, Ras, and Raf, stimulate h”TERT promoter activity via the ETS transcription factor ER81 and ERK
mitogen-activated protein (MAP) kinases. Mutating ER81 binding sites in the AZTERT promoter or suppression
of ERK MAP kinase-dependent phosphorylation of ER81 rendered the #TERT promoter unresponsive to
HER2/Neu. Further, expression of dominant-negative ER81 or inhibition of HER2/Neu significantly attenuated
telomerase activity in HER2/Neu-overexpressing SKBR3 breast cancer cells. Moreover, HER2/Neu, Ras, and
Raf collaborated with ER81 to enhance endogenous ZTERT gene transcription and telomerase activity in
hTERT-negative, nonimmortalized BJ foreskin fibroblasts. Accordingly, h'TERT expression was increased in
HER2/Neu-positive breast tumors and breast tumor cell lines relative to their HER2/Neu-negative counter-
parts. Collectively, our data elucidated a mechanism whereby three prominent oncoproteins, HER2/Neu, Ras,
and Raf, may facilitate tumor formation by inducing hTERT expression in nonimmortalized cells via the

transcription factor ER81.

Telomeres are positioned at the ends of linear chromo-
somes, where they prevent chromosome ends from being rec-
ognized as double-strand breaks and preclude detrimental
chromosomal recombination events from taking place (6, 28).
In the absence of a mechanism to elongate telomeric DNA,
telomeres shorten as cells proliferate, due to incomplete DNA
replication at chromosomal ends. Critical shortening of one or
more telomeres compromises cell survival and can trigger cel-
lular senescence. As such, proliferating germ line, stem, and
tumor cells often circumvent cell senescence by employing the
enzyme telomerase to maintain telomere length.

Telomerase, a ribonucleoprotein complex that catalyzes the
addition of hexameric repeats to telomeres, is comprised of an
integral RNA moiety, a catalytic subunit with reverse transcrip-
tase activity (human telomerase reverse transcriptase
[hTERT]), and telomerase-associated proteins (53). Most nor-
mal somatic cells do not display telomerase activity, whereas
telomerase activity is detected in the vast majority of tumor
cells (31, 40), a difference largely attributed to the unique
ability of tumor cells to upregulate A”TERT transcription (2,
49). Unfortunately, little is known as to how tumor cells acti-
vate hTERT transcription. Indeed, even the role of a proto-
oncoprotein implicated in the induction of A”TERT expression,
the E-box binding protein c-Myc (23, 56), has been called into
question by recent reports demonstrating that c-Myc regulates
hTERT transcription in a cell-type-specific manner (21), and
E-box-dependent regulation of the A”TERT promoter can occur
independent of c-Myc (22, 34). Thus, there remains a tremen-
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dous need for further information pertaining to h”TERT tran-
scription. In particular, the role oncoproteins play in h”TERT
activation during cell transformation and immortalization mer-
its special attention.

HER2/Neu is a highly characterized oncoprotein heavily
implicated in tumorigenesis. As a receptor tyrosine kinase re-
lated to the epidermal growth factor receptor, HER2/Neu me-
diates tumor formation in the breast, ovary, lung, stomach,
colon, kidney, bladder, and salivary gland. Significantly, HER2/
Neu overexpression accounts for 20 to 30% of human breast
tumors and adversely affects prognosis (36, 64). Additionally,
mice engineered to express enhanced HER2/Neu levels in
mammary tissue readily develop breast tumors (35). Accord-
ingly, HER2/Neu has become a prominent target of drugs
designed to combat breast cancer (66). Indeed, a humanized
monoclonal anti-HER2/Neu antibody, trastuzumab (Hercep-
tin), was recently approved for the treatment of HER2/Neu-
overexpressing advanced breast cancers (47). Moreover, low-
molecular-weight drugs that inhibit the enzymatic activity of
HER2/Neu have shown promise as tumor therapeutics (51).

Ras, a downstream effector of HER2/Neu, is a prominent
oncoprotein that is inappropriately active in excess of 30% of
all human tumors (1, 20). Further, Raf, a downstream target of
Ras, has recently been shown to play a significant role in
human cancer formation (15). Therefore, like HER2/Neu, Ras
and Raf currently represent attractive targets in cancer therapy
(52).

Downstream of the HER2/Neu—Ras—Raf signaling cas-
cade are the ERK mitogen-activated protein (MAP) kinases,
which induce the phosphorylation and resultant activation of
many transcription factors (13). Several reports have indicated
that one such transcription factor, the ETS protein ER81, plays
a critical role in HER2/Neu-mediated tumorigenesis. For in-
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stance, ERS81 is activated by HER2/Neu, Ras, and Raf via
MAP kinase pathways (8, 37). Furthermore, ER8I is readily
expressed in human breast tumor specimens and a subset of
breast cancer cell lines (3, 8), and transcription of the ERSI
gene is enhanced in mammary tumors of HER2/Neu transgenic
mice, where ER81 likely facilitates transcription of the HER2/
Neu gene (9, 58). As such, we investigated the possibility that
oncogenic HER2/Neu, Ras, and Raf induce h”TERT transcrip-
tion in concert with ERS81.

MATERIALS AND METHODS

Transfection and luciferase assays. Cells grown in 6-cm-diameter dishes were
transiently transfected by the calcium phosphate coprecipitation method, except
for BJ and SKBR3 cells, for which Lipofectamine 2000 reagent (Invitrogen) was
used. At 36 h posttransfection, luciferase activity was determined as described
previously (10). The amount of plasmid used in calcium phosphate transfections
was as follows: HER2/Neu-V664E (250 ng), ER81 (100 ng), ER81534.477 (100
ng), Sapla (100 ng), Elk1 (100 ng), EIf1 (100 ng), ER71 (100 ng), luciferase
reporter (1 pg), BXB (250 ng), Ras-G12V (25 ng). Two micrograms of each
expression plasmid (HER2/Neu, ER81, Etsl1, Ets2, and ER81534_477) was utilized
in lipofection of BJ and SKBR3 cells. Protein kinase inhibitors used were applied
24 and 12 h prior to the harvest of lysates at final concentrations of 10 uM
(U0126) or 5 pM (SB202190 and AG825); in control experiments, an equal
volume of the solvent dimethyl sulfoxide (DMSO) was added to the cell medium.

Protein isolation, Western blotting, and electrophoretic mobility shift assays.
Cell lysates were obtained from transiently transfected 293T cells as described
elsewhere (55). Purified ER81,49_477 was obtained with the IMPACT-CN system
(New England Biolabs) as described previously (8). To detect expression of
HER2/Neu, ER81, ER8133,4 477, Etsl, and Ets2, cell lysates were subjected to
sodium dodecyl sulfate—10% polyacrylamide gel electrophoresis and subsequent
Western blotting according to standard procedures. HER2/Neu was detected using
the monoclonal mouse antibody PN2A (NeoMarkers), ER81 and ER8153, 4,7 were
detected using the goat polyclonal antibody sc-1953 (Santa Cruz Biotechnology),
Ets1 was detected using the rabbit polyclonal antibody sc-111 (Santa Cruz Biotech-
nology), and Ets2 was detected using the rabbit polyclonal antibody sc-351 (Santa
Cruz Biotechnology). For electrophoretic mobility shift assays, lysates containing
approximately 2 ug of total protein or 1 pg of purified ER81,,9.4,7 Were used as
previously described (8).

Isolation of RNA and RT-PCR. To isolate cytoplasmic RNA, BJ cells were
incubated for 5 min in 375 pl of 50 mM Tris-HCI (pH 8), 100 mM NaCl, 5 mM
MgCl,, 0.5% Nonidet-P40. Lysates were centrifuged for 2 min at 20,800 X g
followed by the addition of 4 pl of 20% sodium dodecyl sulfate and 50 pg of
proteinase K and incubation at 37°C for 15 min. This was followed by an
extraction using phenol-chloroform-isoamyl alcohol, and RNA was precipitated
with 40 ul of 3 M sodium acetate (pH 5.2) and 1 ml of ethanol. After washing in
75% ethanol and drying, the RNA was resuspended in 100 pl of water. RNA
from breast tissue specimens frozen in OCT compound (Sakura) was isolated by
employing the TRIzol (Gibco-BRL) method. Thereafter, 0.5 pg of RNA was
used for reverse transcription-PCR (RT-PCR) analysis employing the Access
RT-PCR system (Promega). The following primer pairs were employed: A”TERT
(457 bp), 5'-GCCTGAGCTGTACTTTGTCAA-3" and 5'-CGCAAACAGCTT
GTTCTCCATGTC-3'; glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
240 bp), 5'-TGATGACATCAAGAAGGTGGTGAAG-3' and 5'-TCCTTGGA
GGCCATGTAGGCCAT-3'. The temperature program applied for A”TERT (19)
was 48°C for 45 min, 94°C for 2 min, and then 35 cycles at 94°C for 45 s, 55°C for
1 min, and 68°C for 2 min. Conditions for GAPDH were 48°C for 45 min, 94°C
for 2 min, and then 25 cycles at 94°C for 45 s, 60°C for 1 min, and 68°C for 2 min.
Reaction products were separated on a 1.5% agarose gel and detected by
ethidium bromide staining. Agarose gel bands corresponding to h/TERT and
GAPDH cDNA were quantified using UV densitometry.

TRAP assay. The TRAPeze telomerase detection kit (Intergen) was utilized to
perform telomeric repeat amplification protocol (TRAP) assays. Three micro-
grams of protein lysate derived from transiently transfected BJ cells was sub-
jected to TRAP analysis. In contrast, semiquantitative TRAP assays of tran-
siently transfected 293T and SKBR3 cells entailed the use of only 1 ng of protein
lysate. Similarly, determination of differential telomerase activity in HER2/Neu-
positive and HER2/Neu-negative breast cancer cell lines was assessed by using
only 1 ng of protein lysate in TRAP assays. The following temperature program
was employed in all TRAP analyses: 30°C for 30 min and then 33 cycles at 94°C
for 30 s and 59°C for 30 s.
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RESULTS

HER2/Neu status correlates with hTERT levels in breast
tumor tissue specimens and breast cancer cell lines. We began
investigating the role of HER2/Neu on ATERT expression by
measuring the levels of A”TERT mRNA expressed in breast
tumor specimens that were determined to be HER2/Neu pos-
itive or HER2/Neu negative by routine clinical immunohisto-
chemistry. Using semiquantitative RT-PCR, where hTERT
mRNA levels were normalized to GAPDH mRNA levels and
the highest value observed was arbitrarily set to one, we found
that only 4 out of 56 (7%) of the HER2/Neu-positive breast
tumors tested negative for A”TERT (Fig. 1A). In contrast, 15
out of 36 (42%) HER2/Neu-negative tumors did not express a
detectable level of ATERT mRNA. Additionally, 25% (n = 14)
of the HER2/Neu-positive tumor specimens had an hTERT
expression level in excess of » = 0.5, whereas none of the
HER?2/Neu-negative tumor samples did. Collectively, these
data indicate that HER2/Neu expression correlates with
hTERT mRNA levels in breast tumors (P < 0.001; Pearson
chi-square test).

hTERT mRNA levels have been shown to strongly correlate
with telomerase activity in human breast tumor tissue (41, 63).
Accordingly, we employed a semiquantitative TRAP assay to
detect telomerase activity in human breast tumor cell lines
(Fig. 1B) and found that the HER2/Neu-overexpressing cells,
UACCS893 (48), SKBR3 (57) and T47D (26), displayed higher
telomerase activities than cells not overexpressing HER2/Neu,
namely HBL100 (32), HS578T (44), MDA-MB-435 (67), and
MCEF7 (57). Altogether, these data suggest that HER2/Neu
may be involved in A”TERT upregulation in breast tumors.

ERS8]1, but not Ets1 or Ets2, collaborates with HER2/Neu to
induce ATERT transcription and telomerase activity in
hTERT-negative cells. To determine if HER2/Neu can directly
activate h'TERT expression, we assessed A”TERT mRNA levels
and telomerase activity by RT-PCR and TRAP assay, respec-
tively, in telomerase-negative, nonimmortalized BJ foreskin
fibroblasts transiently transfected with oncogenic HER2/Neu,
the V664E mutant (4). We found that HER2/Neu alone did
not induce hTERT expression or telomerase activity (Fig. 1C
and D), possibly because essential effectors of HER2/Neu re-
quired to activate A”TERT transcription are absent in BJ cells.
Therefore, we expressed the ETS transcription factor ER81 in
BJ cells. On its own, ER81 was also unable to activate A”TERT
transcription or telomerase activity, but joint expression of
ERS81 and HER2/Neu induced A”TERT mRNA expression and
telomerase activity (Fig. 1C and D); this was not due to altered
ERS81 protein levels upon HER2/Neu overexpression (Fig.
1E). Thus, stimulation of the transcription factor ER81 by
oncogenic HER2/Neu may be the underlying cause of A”TERT
expression in many human breast tumors.

While we were conducting this study a report was published
(45) indicating that epidermal growth factor receptor-medi-
ated activation of another ETS transcription factor, Ets2, stim-
ulates A”TERT activity in "”TERT-positive cells but not ATERT-
negative cells. Accordingly, we demonstrated that Ets2 and its
homolog Etsl were unable to substitute for ER81 in HER2/
Neu-mediated activation of A”TERT expression in nonimmor-
talized, hTERT-negative BJ cells (Fig. 1C and D); this negative
result was not due to lack of Etsl and Ets2 protein expression
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FIG. 1. (A) hTERT mRNA levels correlate with HER2/Neu expres-
sion. Relative ”TERT mRNA levels in HER2/Neu-positive and -negative
human breast tumor specimens were determined by semiquantitative RT-
PCR. The highest "”TERT-to-GAPDH signal ratio (r) detected was set to
1, and all other values were normalized accordingly. (B) Semiquantitative
TRAP assay comparing telomerase activity in HER2/Neu-overexpressing
breast cancer cell lines (UACC893, SKBR3, and T47D) versus breast
cancer cell lines not overexpressing HER2/Neu (HBL100, HS578T,
MDA-MB-435, and MCF7). The internal control band for PCR amplifi-
cation is indicated. (C) Activation of endogenous #/TERT transcription by
HER2/Neu-V664E and ERS81, but not Etsl or Ets2, in transfected BJ
foreskin fibroblasts. Expression of A”TERT and, as a control, GAPDH was
detected on agarose gels after RT-PCR. (D) Corresponding TRAP assay.
(E) Western blot analysis revealing protein levels of ER81, Ets1, and Ets2
in transfected BJ cells.
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(Fig. 1E). These data suggested that HER2/Neu has to specif-
ically collaborate with the ETS transcription factor ER81 to
upregulate ATERT transcription in cells that normally do not
express hTERT.

HER2/Neu synergizes with ER81 to activate the h”TERT pro-
moter. To confirm that HER2/Neu and ERS81 cooperate to
activate the A'TERT promoter, we utilized a luciferase reporter
construct driven by the A”TERT promoter (nucleotides —3337
to +438) in transient transfections of 293T cells. As shown in
Fig. 2A, oncogenic HER2/Neu and ER81 when expressed
alone activated the ATERT promoter 9.4-fold and 3.4-fold,
respectively. In contrast, joint expression of oncogenic HER2/
Neu and ER81 synergistically stimulated the A”TERT reporter
plasmid 37-fold, whereas they had a minimal effect on the
parental luciferase expression vector, pGL2-Basic. Control ex-
periments revealed that HER2/Neu and ERS81 protein levels
were not altered upon coexpression compared to expression of
each protein alone in 293T cells (Fig. 2B, upper panel). Fur-
thermore, using a semiquantitative TRAP assay we found that
HER2/Neu and ER81 cooperatively induced telomerase activ-
ity in transiently transfected 293T cells (Fig. 2B, lower panel).
Please note that we used very low amounts of protein extract
for this semiquantitative TRAP assay, which is why no telom-
erase activity was observable in the A”TERT- and telomerase-
positive 293T cells in the absence of ER81 and HER2/Neu.

To delineate the region of the ATERT promoter responsive
to HER2/Neu and ERS81, we subcloned and tested progres-
sively shorter fragments of the ”TERT promoter upstream of
the luciferase gene in 293T cells (Fig. 2A). None of the shorter
promoter constructs lost its responsiveness to HER2/Neu and
ERS]I. The shortest promoter fragment tested, —11 to +438,
was the most responsive one, probably due to the absence of
repressive promoter elements that are present 200 bp up-
stream of the ATERT transcription start site (23, 56).

We then wished to confirm that HER2/Neu and ER81 can
also activate the A”TERT promoter in cell lines other than 293T.
Indeed, HER2/Neu and ERS8I1 synergistically induced a slightly
shorter version (nucleotides —11 to +431) of the above uti-
lized —11 to +438 hTERT promoter in MDA-MB-231 breast
tumor cells (Fig. 2C, top panel). To the contrary, ER81 stim-
ulated the hTERT promoter nearly maximally in OVCAR3
ovarian cancer cells in the absence of exogenous HER2/Neu
(Fig. 2C, bottom panel). This is likely due to the fact that
OVCARS3 cells express a much higher level of endogenous
HER2/Neu relative to MDA-MB-231 cells (30, 60). In conclu-
sion, our data indicate that ER81, when stimulated by HER2/
Neu, efficiently activates the h”TERT promoter.

Identification of ER81 binding elements in the h”TERT pro-
moter. The smallest A TERT promoter used (—11 to +431)
contains five putative ER81 binding sites (Fig. 3A) character-
ized by a core ETS sequence of GGA”/;- (27). To identify
which of these sites bind to ER81, we synthesized double-
stranded oligonucleotides corresponding to each of the five
ETS sites and used them in electrophoretic mobility shift as-
says with lysates derived from transiently transfected 293T
cells. As shown in Fig. 3B (top panel), full-length ER81 alone
did not bind to ETS site 3, whereas unidentified endogenous
proteins present in the cell lysate interacted with the ETS3
oligonucleotide. However, when ER81 was coexpressed with
HER2/Neu-V664E, an additional DNA-protein complex was
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FIG. 2. (A) The hTERT promoter is synergistically activated by HER2/Neu and ERS81. Full-length (—3337/+438) or truncated hTERT
promoter luciferase constructs or the parental vector pGL2-Basic were cotransfected with HER2/Neu-V664E and ERS81 into 293T cells as
indicated. Activation of luciferase activity by HER2/Neu and ER81 is depicted. (B) HER2/Neu and ER81 synergize to enhance telomerase activity
in 293T cells. Protein levels for HER2/Neu and ER81 are depicted in the upper panel, and the corresponding TRAP assay is shown in the lower
panel. (C) Response of the —11/+431 hTERT promoter to HER2/Neu-V664E and ER81 in MDA-MB-231 and OVCAR3 cells. Inserts show

anti-ER81 Western blots.

observed. This additional complex formation was inhibited in
the presence of an excess of the respective wild-type nonradio-
labeled oligonucleotide, whereas an excess of the mutant oli-
gonucleotide (GGAA core sequence of the ETS site mutated
to CCAA) had no effect. As similar results were obtained with
ETS site 5 (Fig. 3B, bottom panel), but binding of ERS81 to
ETS sites 1, 2, and 4 was never observed (data not shown), it
appears that ER81, only when stimulated by HER2/Neu, binds
exclusively to ETS sites 3 and 5 of the A”TERT promoter.

In contrast to full-length ER81, we found that a bacterially
expressed, purified C-terminal fragment of ER81 (ER81,49.477),
encompassing its ETS DNA binding domain but lacking all MAP
kinase-dependent phosphorylation sites (8, 37), readily bound to
ETS sites 3 and 5 in the absence of HER2/Neu (Fig. 3C). This
suggests that the N terminus of ER81 precludes binding to the
hTERT promoter and that the previously reported HER2/Neu-
induced N-terminal phosphorylation of ER81 unmasks its DNA
binding domain, thereby enabling it to bind to the h'TERT pro-
moter.

To further explore this hypothesis, we mutated in the N-
terminal region of ERS81 the four MAP kinase phosphorylation
sites (8) as well as the two phosphorylation sites that are
targeted by MAP kinase-activated protein (MAPKAP) kinases
(38, 39, 61). This 6xA mutant of ER81, unlike wild-type ER81,
failed to bind to ETS sites 3 and 5 of the A”TERT promoter in
the presence of HER2/Neu despite equal expression of both
proteins (Fig. 3D). Thus, HER2/Neu-triggered phosphoryla-
tion of ER81 within its N terminus appears to be required for
binding to the A”TERT promoter.

Functional characterization of ER81 binding sites in the
hTERT promoter. To assess the functional significance of each
of the aforementioned five ETS sites in mediating the effects of
oncogenic HER2/Neu and ER81 on A”TERT promoter activity,
we generated reporter constructs in which the luciferase gene
was placed downstream of the —11/+431 hTERT promoter

containing mutations (GGAA to CCAA) in each one of the
ETS sites. Consistent with our DNA binding analyses, muta-
tion of ETS sites 3 and 5 attenuated the ability of HER2/Neu
and ERS8I to activate the ATERT promoter, whereas mutation
of the other ETS sites had little effect (Fig. 4A). A double
mutant promoter (Fig. 4B, A35) was less responsive to HER2/
Neu and ERSI1 than any of the single mutants, revealing that
both ETS sites 3 and 5 are involved in ATERT activation.
Moreover, mutation of all five ETS sites (A1-5) did not result
in reduced promoter activity compared to the A35 mutant.
To ensure that we did not exclude important basal promoter
elements upstream of —11 in our analysis, we assessed the
importance of the aforementioned ETS sites in the context of
the —200/+431 hTERT core promoter shown to play a critical
role in ATERT regulation (14, 33, 59). Mutation of ETS sites 3
and 5 in the core promoter significantly reduced its response to
HER2/Neu and ERS81 (Fig. 4C). In contrast, mutation of an
upstream promoter sequence containing two ETS sites (sites 6
and 7 at —14 to —22 [Fig. 3A]) considered important in Ets2
regulation of the A”TERT promoter (45) had no effect on the
ability of ER81 and HER2/Neu to induce the ATERT promoter
(Fig. 4C, A67). In addition, mutation of these two ETS sites did
not significantly alter the phenotype of the A35 and A1-5 mu-
tants (A3567 and Al-7, respectively). Accordingly, we were
unable to detect binding of full-length, HER2/Neu-stimulated
ERS1 to a radiolabeled probe corresponding to the —14 to
—22 ETS sites in electrophoretic mobility shift assays (data not
shown). In conclusion, ETS sites 3 and 5 mediate the response
of the ATERT promoter to HER2/Neu and ERS81. Given that
ETS site 3 and ETS site 5 are located within exon 1 and intron
1 of the ATERT gene, respectively, our results further demon-
strate that regulation of the TATA box-devoid A”TERT gene is
critically dependent on intragenic promoter elements.
HER2/Neu-triggered hTERT transcription is dependent on
ERS81 or related ETS proteins. Since HER2/Neu alone mod-
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FIG. 3. (A) Scheme of the A”TERT promoter from —200 to +431. The five intragenic ETS core sites of the promoter are designated as
numbered boxes 1 through 5. Two upstream ETS sites are marked as numbers 6 and 7. The transcription start site (59) is marked by a black arrow,
and the start methionine (ATG) is indicated. (B) Electrophoretic mobility shift assays with **P-labeled oligonucleotides corresponding to ETS site
3 or 5 and full-length ER81 expressed in 293T cells in the presence and absence of HER2/Neu-V664E. Where indicated, a 20-fold excess of the
respective nonlabeled wild-type or mutated (ETS core, GGAA—CCAA) oligonucleotide was added. (C) Analogous to the above results, binding
of purified ER81,,9 4,7 to ETS sites 3 and 5. (D) Similar to the above results, DNA binding of wild-type ER81 and the 6xA mutant that were
expressed in 293T cells in the presence of HER2/Neu-V664E. Protein levels are shown in the bottom panel.

estly activated the A”TERT promoter in 293T cells (Fig. 2A), we
determined if HER2/Neu-mediated induction of hTERT ex-
pression is dependent on endogenous ERS81. To this end, we
employed a transcriptionally inactive ERS81 molecule
(ER81534.477) corresponding to the ER81 ETS binding domain
that competes with full-length ER81 for DNA binding (8, 37).
Accordingly, and similar to the bacterially expressed ER81,49_477
molecule shown above (Fig. 3C), ER8155, 4, derived from tran-
siently transfected 293T cells readily bound ETS sites 3 and 5 of
hTERT (Fig. 5A). Further, ER815,, 4,, significantly reduced
HER2/Neu-mediated activation of the h'TERT promoter (Fig.
5B). In addition, ER81,,_,,, effectively competed with wild-type
ERS81 for h'TERT binding, as HER2/Neu- and ER81-mediated
activation of the ATERT promoter was greatly reduced in the
presence of ER8155, ,-7. This may seem surprising, since protein
levels for ER815,, 47, were lower than for full-length ER81 (Fig.
5B, lower panel); however, ER81,,, ,,, does not contain the
ERS81 N-terminal amino acids that inhibit DNA binding and as

such is expected to bind much more avidly to DNA than full-
length ER81, as attested by the fact that ER8155, 4, bound to
ETS sites 3 and 5 of the A”TERT promoter even in the absence of
HER2/Neu stimulation (Fig. 5A). Importantly, expression of
ERS8155,.4,, completely abolished telomerase activity in HER2/
Neu-overexpressing SKBR3 breast tumor cells (Fig. 5C), further
indicating that HER2/Neu-mediated induction of the hTERT
promoter is dependent on endogenous ERS81 or related ETS
protein family members.

ERG&1, together with PEA3 and ERM, belongs to a subfamily
of ETS proteins that show significant structural and functional
homology (27). Accordingly, PEA3 and ERM also synergized
with HER2/Neu to activate the A”TERT promoter (Fig. 6, upper
panel), albeit to a lesser extent than ER81. In contrast, four
transcription factors (Elk1, Sapla, Elf1, and ER71) belonging
to other ETS protein subfamilies only marginally, if at all,
induced the hTERT promoter (Fig. 6, upper panel). Most
notably, Elk1l and Sapla, prominent downstream effectors of
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HER?2/Neu-activated MAP kinases (12, 65), did not enhance
hTERT promoter activity over the vector control in the pres-
ence of HER2/Neu. Therefore, we concluded that HER2/Neu
induction of the h”TERT promoter is dependent on the sub-
family of ETS transcription factors comprised of ER81, PEA3,
and ERM.

An alternative explanation for the inability of Elk1, Sapla,
Elf1, and ER71 to activate the A”TERT promoter might be that
they are not as well expressed as ER81, PEA3, and ERM.
However, we believe that this is not the case, since we utilized
the same, identical amounts of ETS protein expression vectors
as before in order to activate the ER81-regulated TORU and
MMP-1 promoters (8, 50) and observed different results (Fig.
6). For instance, Elfl and ER71 efficiently activated the TORU
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expression plasmid. (B) Effect of dominant-negative ER8155, 47, on
HER2/Neu- and ER81-mediated —11/+431 hTERT promoter activa-
tion in 293T cells. Protein levels corresponding to wild-type ER81 and
ER81334.477 are depicted in the lower panel. (C) Telomerase activity
measured by TRAP assay in HER2/Neu-overexpressing SKBR3 cells
transfected with or without ER81554 477

promoter in conjunction with HER2/Neu, and the level of
activation was comparable to that with ER81 and even higher
than that observed with PEA3. Moreover, ER71, unlike the
case of the h"TERT promoter, greatly stimulated the MMP-1
promoter as reported before (17), but this was independent of
the presence of HER2/Neu. Also, Elk1 was able to activate the
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—711/+39 c-fos promoter by HER2/Neu-V664E in the presence of
various ETS proteins in 293T cells.

TORU promoter as efficiently as ER81 upon HER2/Neu stim-
ulation. Furthermore, ER81, PEA3, and ERM differed in their
abilities to activate the various promoters. Whereas ER81 was
clearly the most efficient ETS protein tested to activate the
hTERT promoter upon coexpression of HER2/Neu, ERM was
the most effective molecule in the case of the TORU promoter
and no great difference was observed among ER81, PEA3, and
ERM in the case of the MMP-1 promoter (Fig. 6). Finally, we
also assessed the activity of the various ETS proteins on the
c-fos promoter. Here, only Elk1 and Sapla were able to greatly
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were prepared and utilized in electrophoretic mobility shift assays with
radioactively labeled ETS3 and ETSS oligonucleotides. (C) Respective
Western blot showing comparable expression of ER81. (D) TRAP
assay demonstrating the effect of AG825 on telomerase activity in
HER?2/Neu-overexpressing SKBR3 cells.

induce promoter activity upon HER2/Neu coexpression,
whereas ER81, PEA3, ERM, EIfl, and ER71 were unable to
do so (Fig. 6). Thus, the four gene promoters tested are dif-
ferently regulated by different ETS proteins, and the h”TERT
promoter is in particular activated by ER81 upon HER2/Neu
stimulation.

HER2/Neu signaling is required for stimulation of the
hTERT promoter and telomerase activity. To ensure that
HER2/Neu signaling, as opposed to simple overexpression, is
required for the induction of A”TERT expression we employed
a HER2/Neu kinase inhibitor, AG825 (54). Indeed, AG825
significantly reduced the response of the A”TERT promoter to
HER2/Neu and ERS81 (Fig. 7A); the slight repression observed
in the absence of ectopic HER2/Neu was due to the inhibition
of endogenous HER2/Neu by AG825. In addition, binding of
full-length ER81 to the ATERT promoter in the presence of
HER?2/Neu was abolished by AG825 (Fig. 7B); a control West-
ern blot revealed that ER81 was comparably expressed in the
presence and absence of AG825 (Fig. 7C). Finally, incubation
of HER2/Neu-overexpressing SKBR3 breast tumor cells with
AGS825 resulted in a significant decline in endogenous telom-
erase activity (Fig. 7D), further solidifying the role of HER2/
Neu signaling in A”TERT regulation.

HER2/Neu-mediated activation of hTERT transcription is
dependent on the ERK MAP kinase pathway. Previously, our
investigators have shown that HER2/Neu-triggered activation
and phosphorylation of ERS81 can proceed via both the ERK
and p38 MAP kinase pathways (8). To elucidate which of these
signaling pathways are involved in HER2/Neu-dependent
ATERT transcription, two kinase inhibitors were utilized:
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U0126, which blocks activation of ERK MAP kinases (24), and
SB202190, which inhibits p38 MAP kinases (42). As shown in
Fig. 8A, HER2/Neu-dependent activation of ER81 was com-
pletely abolished by the addition of U0126, whereas SB202190
had no effect, thereby illustrating that activation of hATERT
transcription by HER2/Neu and ERS81 is dependent on the
ERK, but not the p38, MAP kinase pathway. Consistently,
UO0126 inhibited the ability of ER81 to bind to ETS sites 3 and
5 of the ATERT promoter upon stimulation with HER2/Neu
(Fig. 8B); a control Western blot revealed that comparable
amounts of ER81 were expressed in the presence and absence
of U0126 (Fig. 8C).

To further demonstrate the importance of ERK MAP ki-
nases in ATERT regulation, we mutated the four ERK MAP
kinase phosphorylation sites in ER81 (4xA mutant) (8) and/or
the two MAPKAP kinase phosphorylation sites (2xA mutant)
(61). The 4xA and 2xA mutants as well as a combination
mutant (6xA) were severely compromised in their abilities to
activate the h"TERT promoter in the presence of HER2/Neu in
293T cells (Fig. 8D). Thus, phosphorylation of ER81 mediated
by both ERK MAP kinases and MAPKAP kinases appears to
be required for the stimulation of A”TERT expression by onco-
genic HER2/Neu.

Ras and Raf synergize with ER81 to induce ZTERT mRNA
expression and telomerase activity. Since HER2/Neu activates
hTERT expression via ER81 and ERK MAP kinases, we pos-
tulated that Ras and Raf, two upstream components of the
ERK MAP kinase pathway (13), also stimulate A/TERT tran-
scription. Accordingly, we found that a constitutively active
Raf-1 protein, BXB (11), and ERS81 synergistically activated
the A'TERT promoter (Fig. 9A). Similarly, an oncogenic Ras
mutant, Ras-G12V (7), greatly enhanced ATERT promoter
activity in conjunction with ER81 (Fig. 9B). Cotransfection of
hTERT-negative BJ foreskin fibroblasts with ER81 and either
BXB or Ras-G12V revealed that oncogenic Raf and Ras, as
does HER2/Neu, collaborated with ER81 to induce hTERT

mRNA expression (Fig. 9C) and telomerase activity (Fig. 9D
and E). To the contrary, Ras-G12V and BXB failed to elicit
ATERT transcription and induce telomerase activity in the
absence of ER81, thereby indicating that oncogenic Ras and
Raf require the presence of ER81 to stimulate the h”TERT
promoter.

DISCUSSION

Although hTERT upregulation is widely regarded as a cru-
cial facet of tumorigenesis (29), little is known about how
hTERT expression is activated in tumor cells. In particular,
aside from the controversial involvement of Myc, the role of
oncoproteins in ATERT induction has not been elucidated.
Here, we show that oncogenic HER2/Neu, Ras, and Raf col-
laborate with a common downstream target of all three pro-
teins, the ETS transcription factor ER81, to induce hTERT
mRNA expression and telomerase activity.

Induction of ATERT transcription by HER2/Neu is mediated
by the ERK MAP kinase pathway, as an inhibitor of this
signaling pathway, U0126, completely abolished ER81 activa-
tion and binding of the ATERT promoter in the presence of
HER2/Neu. Consistently, oncogenic Ras and Raf, downstream
signaling molecules in the HER2/Neu—Ras—Raf—ERK
MAP kinase cascade (65), substituted for HER2/Neu in acti-
vating ER81-dependent ATERT transcription. Furthermore,
mutation of either ERK MAP kinase sites (4XA mutant of
ER81) or MAPKAP kinase sites (2xA mutant of ER81) atten-
uated ER81-mediated activation of the A”TERT promoter, and
mutation of all six in vivo ER81 phosphorylation sites resulted
in a loss of binding and activation of the A”TERT promoter
upon stimulation with HER2/Neu. Thus, HER2/Neu-mediated
activation of the A”TERT promoter appears to depend on ERK
MAP kinases as well as p90RS® or MSKI1, two MAPKAP
kinases downstream of ERK MAP kinase capable of phos-
phorylating ER81 in vivo (16, 25, 39, 61).
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The ability of HER2/Neu to stimulate the A/TERT promoter
appears to be uniquely dependent on the subfamily of ETS
transcription factors comprised of ER81, PEA3, and ERM. All
three of these proteins, which share >95% identity within their
DNA binding domains and an overall similarity in excess of
50% (18), synergized with HER2/Neu to activate the hTERT
promoter, whereas other unrelated ETS transcription factors
did not. In particular, Elk1 and the homologous Sapla protein,
both of which are prominent targets of ERK MAP kinase (12),
were barely, if at all, able to activate ATERT transcription.
Similarly, in contrast to ER81, Ets1 and its homolog Ets2, both
of which are phosphorylated and activated by MAP kinases
(46, 62), were unable to activate A”TERT mRNA expression
and telomerase activity in A”TERT-negative BJ cells in the pres-
ence of HER2/Neu. Furthermore, as the dominant-negative
ERS8155, 477 molecule rendered the ATERT promoter unre-
sponsive to HER2/Neu and inhibited telomerase activity in
HER?2/Neu-overexpressing SKBR3 cells, it appears that ER81
or related ETS proteins are indispensable in HER2/Neu-me-
diated hTERT upregulation.

A recent study has shown that expression of a dominant-
negative PEA3 molecule that abolishes the activity of PEA3,
ERS1, and ERM significantly retarded mammary tumor devel-
opment in HER2/Neu transgenic mice. In addition, expression
of ER81, ERM, and PEA3 was greatly increased in breast cells

engineered to overexpress HER2/Neu, whereas expression of
other ETS proteins was reduced or unaffected (58). Accord-
ingly, ER81, PEA3, or ERM are overexpressed in many human
breast tumor cell lines, and PEA3 has been shown to be coor-
dinately overexpressed with HER2/Neu in human breast tu-
mor specimens (3, 5). Moreover, HER2/Neu and ERS81, or
PEA3, collaborate to enhance the expression of HER2/Neu
itself (5, 9). As such, our discovery that HER2/Neu requires an
ERS1-related protein to activate hTERT expression further
supports the notion that ER81, ERM, and PEA3 are essential
in HER2/Neu-mediated tumor formation.

Our finding that HER2/Neu expression highly correlates
with ATERT levels in human breast tumor specimens and te-
lomerase activity in breast tumor cell lines suggests a physio-
logically relevant relationship between HER2/Neu and A TERT
expression. Indeed, the HER2/Neu kinase inhibitor AG825
significantly reduced telomerase activity in HER2/Neu-overex-
pressing SKBR3 breast tumor cells. Therefore, we speculate
that the enhanced frequency and higher levels of h"TERT
mRNA expression and telomerase activity may account, in
part, for the aggressive nature of tumors overexpressing
HER2/Neu (64), as numerous studies have shown that the
level of hTERT expression correlates with enhanced malig-
nancy and poor prognosis (31). At worst, as overexpression or
mutations in Ras, Raf, and HER2/Neu collectively contribute
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to the formation of approximately half of all human tumors (1,
15, 36), these oncoproteins may enable a large proportion of all
tumor cells to circumvent cell senescence by inducing ATERT
expression, one hallmark of cancer (29).

ATERT transcription appears to be actively repressed in
normal somatic cells (23). Factors suggested to contribute to
this repression include Madl, p53, and the Wilms’ tumor sup-
pressor gene product 1 (56). Recently, another tumor suppres-
sor, Menin, has been shown to associate with the h”TERT pro-
moter, and knocking down its expression resulted in A”TERT
expression in ATERT-negative BJ cells (43). Thus, inactivating
mutations in tumor suppressors may lead to the derepression
of the hTERT gene and consequently to telomerase activity
and immortalization. However, our study suggests that A”TERT
gene expression can also be enforced by activating mutations
of oncogenes such as HER2/Neu, Ras, and Raf. Thus, two
different mechanisms, the inactivation of tumor suppressors
and/or the activation of oncoproteins, may account for immor-
talization of tumor cells through the induction of A”TERT tran-
scription.

It has recently been reported that the epidermal growth
factor receptor collaborates with Ets2 to enhance hTERT ex-
pression in immortalized, h”TERT-positive cells but not in non-
immortalized cells that are representative of normal somatic
cells prior to oncogenic transformation (45). However, direct
binding of Ets2 to the A”TERT promoter has not been shown.
To this end, we noted that Ets1 and Ets2 were incapable of
binding to any of the ETS sites of the —200/+431 hTERT core
promoter in electrophoretic mobility shift assays (data not
shown). Thus, Etsl and Ets2, although capable of indirectly
enhancing ATERT transcription in previously transformed,
hTERT-positive cells, are unable to induce h/TERT activation
in nonimmortalized, A'TERT-negative cells. Therein lies the
critical importance of our study, since it reveals that three
prominent human oncoproteins (HER2/Neu, Ras, and Raf)
can transform a telomerase-negative cell to a telomerase-pos-
itive cell by activating ER81 and consequently upregulating
hTERT expression, as occurs in ~90% of all human tumor cells
(31, 40, 49). Therefore, our elucidation of a mechanism
whereby oncogenic HER2/Neu, Ras, and Raf induce h”TERT
transcription via the ERK MAP kinase pathway and ER81 may
prove instrumental in the development of cancer therapies
designed to downregulate telomerase expression.
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