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Abstract: The transmembrane protein with epidermal growth factor (EGF) and two follistatin (FS) motifs 2 (TMEFF2) 
has a limited tissue distribution with strong expression only in brain and prostate. While TMEFF2 is overexpressed in 
prostate cancer indicating an oncogenic role, several studies indicate a tumor suppressor role for this protein. This 
dual mode of action is, at least in part, the result of metalloproteinase-dependent shedding that generates a soluble 
TMEFF2 ectodomain with a growth promoting function. While recent studies have shed some light on the biology 
of different forms of TMEFF2, little is known about the molecular mechanisms that influence its oncogenic/tumor 
suppressive function. In several non-prostate cell lines, it has been shown that a recombinant form of the TMEFF2 
ectodomain can interact with platelet derived growth factor (PDGF)-AA to suppress PDGF receptor signaling and can 
promote ErbB4 and ERK1/2 phosphorylation. However, the role of the full length TMEFF2 in these pathways has 
not been examined. Using prostate cell lines, here we examine the role of TMEFF2 in ERK and Akt activation, two 
pathways implicated in prostate cancer progression and that have been shown to cross talk in several cancers. Our 
results show that different forms of TMEFF2 distinctly affect Akt and ERK activation and this may contribute to a 
different cellular response of either proliferation or tumor suppression.
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Introduction

Prostate cancer (PCa) is the most commonly 
diagnosed non-cutaneous cancer and the sec-
ond leading cause of cancer death in men [1]. 
Despite recent advances in treatment of local-
ized PCa, effective therapies for the treatment 
of the advanced form of the disease are limit-
ed. The most common being disruption of 
androgen receptor (AR) signaling via hormone 
deprivation therapy, which although initially 
effective, ultimately leads to castration resis-
tant prostate cancer (CRPC), a highly lethal 
form of the disease [2]. 

Essential to the development of new therapies 
for PCa is the understanding of the signaling 
pathways involved in the disease and the 
impact that these pathways have on each other 
during disease progression. The PTEN and 
MAPK pathways are often deregulated during 

PCa progression leading to aberrant activation 
of the Akt and ERK kinase activity as well as 
their downstream effectors [3, 4]. Activation of 
the Akt signaling pathway promotes cell surviv-
al by inhibiting apoptosis while activation of 
ERK increases cell proliferation and both path-
ways may function together to promote tumori-
genesis [5]. In fact, these pathways are known 
to regulate each other and co-regulate down-
stream functions [6, 7]. Interestingly, although 
in some tumors phospho-ERK levels are very 
high [8-10], it has been reported that advanced 
PCa correlates with low phospho-ERK and high 
Akt levels [11], suggesting that the cross-talk 
between both pathways occurs during tumor 
progression.

TMEFF2 is a single pass type I transmembrane 
protein expressed in the embryo [12, 13] and 
selectively in the adult brain and prostate [14-
16]. TMEFF2 contains several potential biologi-
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cally important features that suggest a role in 
signaling [13, 16, 17]. The extracellular (ecto) 
domain, which is cleaved from the membrane 
in an ADAM 17/gamma-secretase dependent 
fashion [18, 19], consists of two follistatin (FS) 
modules and an epidermal growth factor-like 
(EGF) domain. The transmembrane domain and 
short cytoplasmic tail have features that resem-
ble a potential G-protein coupled receptor [13, 
20]. 

TMEFF2 is up-regulated in a significant fraction 
of primary and metastatic prostate tumors sug-
gesting a role in this disease [14-16, 21]. The 
full length TMEFF2 protein functions as a tumor 
suppressor by inhibiting migration and invasion 
of prostate epithelial and prostate cancer cells 
[22, 23] and by modulating apoptosis and 
growth of HEK293T cells [22], prostate cancer 
cells [15] and colorectal cancer cells as exam-
ined in an anchorage independent growth 
assay and a xenograft model [24]. In contrast, 
a recombinant form of the TMEFF2 ectodomain 
promotes increased cellular proliferation of 
HEK293 cells and some type of neurons [18, 
25]. In addition, pharmacological inhibition of 
TMEFF2 shedding from the membrane or 
TMEFF2 siRNA knockdown reduces cell prolif-
eration of the LNCaP prostate cancer cell line 
[18]. In support of the proliferative role of the 
ectodomain, we have demonstrated that 
ectodomain-containing conditioned medium 
from cells expressing the TMEFF2 protein pro-
motes growth of prostate and HEK293T cells 
[22]. 

At the molecular level, recombinant TMEFF2 
ectodomain has been shown to modulate ERK 
activation by promoting phosphorylation of 
erbB4 and ERK1/2 and to interfere with plate-
let derived growth factor (PDGF) receptor sig-
naling by binding and sequestering PDGF-AA 
from binding and signaling through this recep-
tor [13, 18, 26]. The full length TMEFF2 protein 
also interacts with PDGF-AA [26], and with sar-
cosine-dehydrogenase (SARDH) the enzyme 
that catalyzes sarcosine conversion to glycine 
[22]. The TMEFF2-SARDH interaction modu-
lates sarcosine levels and one carbon metabo-
lism leading to changes in cellular invasion, 
possibly due to changes in the methylation 
potential of the cell [23]. In colon cancer cell 
lines, TMEFF2 overexpression leads to STAT1 
upregulation and this appears to be required 
for the TMEFF2-mediated growth suppression 
effect [24]. 

The limited tissue distribution of TMEFF2, mai- 
nly expressed in brain and prostate [14-16], 
has drawn attention as a possible tool for con-
jugated antibody therapies. In addition, the 
occurrence of secreted forms of TMEFF2 (shed 
and spliced forms [27]) suggests a possible 
role as a biomarker. The potential therapeutic 
use of TMEFF2 stresses the need for under-
standing the molecular mechanism of action. 
Here we explore the effect of TMEFF2 full length 
and the ectodomain in the ERK and Akt signal-
ing pathways. Our results indicate that these 
two different forms of the protein differentially 
regulate these pathways to either promote 
growth or to function as a tumor suppressor. 

Materials and methods

Cell lines, plasmid constructs and materials

HEK293T and RWPE1 cells were purchased 
from American Type Culture Collection (ATCC, 
Manassas, VA) and maintained in DMEM, or 
KSF media (Life Technologies, Grand Island, 
NY) at 37°C with 5% CO2. DMEM medium was 
supplemented with 10% v/v FBS, 100 units/mL 
penicillin, 100 µg/mL streptomycin, and Ampho- 
tericin B (Life Technologies, Grand Island, NY). 
The KSF medium was supplemented with 
human recombinant epidermal growth factor 
(EGF) and bovine pituitary extract (BPE) as rec-
ommended by the manufacturer in addition to 
100 units/mL penicillin, 100 µg/mL streptomy-
cin, and Amphotericin B. TMEFF2 full length or 
ectodomain expressing HEK293T cells or 
RWPE1 cells inducibly expressing full length 
TMEFF2 were previously described [22]. The 
TMEFF2-ΔGA mutant lacking 13 amino acids 
(343 to 355) from the cytoplasmic tail was gen-
erated using PCR and standard cloning strate-
gies. The following primers were used to gener-
ate the deletion construct: a) TAGCTAGC- 
AGTCATGGTGCTGTGGG; b) TACCATGGTGTGATG 
CAGAGGACC; c) TACCATGGCAAAATACAGGGCAC- 
TAC and d) TACTCGAGAGATTAACCTCGTGGACG.
HEK293T and RWPE1 cells were transfected 
with the expression plasmids using Fugene HD 
transfection reagent (Promega, Madison, WI).
Stable cell lines were generated by drug resis-
tance and characterized for expression of the 
specific protein by western blot. Development 
of a system for inducible expression of the 
TMEFF2-ΔGA gene in RWPE1 cells was achieved 
using the Clontech’s Tet-On Advanced system 
as described before [22]. To inducibly express 
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TMEFF2 in RWPE1 cells, cultures were grown in 
the presence of doxycycline (250 ng/ml; 
Clontech, Mountain View, CA). Epidermal 
growth factor (EGF) and platelet-derived growth 
factor (PDGF) were obtained from Life 
Technologies, (Grand Island, NY) and R & D 

Systems, (Minneapolis, MN) and used at the 
concentrations specified in the text. 

Cell culture and cell treatments

For experiments in which conditioned medium 
was added, RWPE-1 cells were growing in basal 

Figure 1. TMEFF2 promotes ERK1/2 phosphorylation in response to EGF. A: RWPE-1 cells inducibly expressing 
TMEFF2-Full, TMEFF2-ΔGA, or the EV control were grown in complete KSF medium, lysed and whole cell lysates 
were subjected to immunoblotting with anti-p-ERK1/2, anti-ERK1/2, and anti-β-tubulin antibodies. B: RWPE-1 cells 
induced to express TMEFF2-Full, TMEFF2-ΔGA, or the EV control were growing in basal KSF medium for 3 hours and 
then stimulated with 10 ng/ml of EGF for 10 minutes. Whole cell lysates were then subjected to immunoblotting 
with anti-p-ERK1/2 and anti-β-tubulin antibodies. Representative examples of at least two independent experi-
ments showing similar results are shown.

Figure 2. PDGF induces sustained phosphorylation of ERK in cells expressing TMEFF2. A: RWPE-1 cells were trans-
ferred to basal KSF medium for 30 minutes and then treated with various concentrations of PDGF-AA or 50 ng/ml of 
EGF. Whole cell lysates were then subjected to immunoblotting with anti-p-ERK1/2 antibody. B: RWPE-1 cells were 
transferred to basal KSF medium for 30 minutes and then treated with 50 ng/ml of PDGF-AA for indicated times. 
Whole cell lysates were then subjected to immunoblotting with anti-p-ERK1/2, anti-p-AKT S473, and anti-β-tubulin 
antibodies. C-E: RWPE-1 cells inducibly expressing TMEFF2-Ecto, TMEFF2-Full, TMEFF2-ΔGA, or the EV control were 
transferred to basal KSF medium for 30 minutes and then stimulated with 50 ng/ml of PDGF-AA for indicated times. 
Whole cell lysates were then subjected to immunoblotting with anti-p-ERK1/2, anti-p-AKT S473, and anti-β-tubulin 
antibodies. Representative examples of at least two independent experiments showing similar results are shown.
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KSF medium without supplement for 30 min 
before growth medium was replaced with the 
specified conditioned medium. Cells were then 
incubated for 30 min, unless otherwise speci-
fied, before lysis. Conditioned medium was 
obtained from HEK293T cells stably transfect-
ed with a TMEFF2 ectodomain-expressing con-
struct, a full length TMEFF2 expressing con-
struct or the empty vector (EV) previously 
described [22]. Cells were grown at 70%-80% 
confluency, starved overnight and the condi-
tioned medium collected and utilized to replace 
the growth medium. For PDGF-AA treatment, 
RWPE-1 cells were grown in basal KSF medium 
without supplements for 30 min before treat-
ment with the indicated amount of PGDF-AA for 
10 min, unless otherwise specified. For EGF 
treatment, RWPE-1 cells were grown in basal 
KSF medium without supplements for 3 h 
before treatment with 10 ng/ml EGF for 10 min.

Western blot analysis

For Western blot analysis, cells were lysed in 
buffer containing 20 mM sodium phosphate, 
pH 7.4; 150 mM sodium chloride, 1% Triton X- 
100 and protease inhibitor cocktail (Sigma, St. 
Louis, MO). Protein concentrations were deter-
mined with BCA protein assay (Pierce, Rockford, 
IL) and proteins resolved by SDS-PAGE follow-
ing transfer to Immobilon transfer membrane 
(BIORAD, Hercules, CA). Blots were blocked in 
5% non-fat milk, and probed with the appropri-
ate antibodies. Immunoreactive bands were 
visualized using ECL plus western blotting 
detection system (Pierce, Rockford, IL). To 
detect the presence of TMEFF2 in the condi-
tioned medium, it was concentrated 20-fold in 
Amicon Ultra-4 Centrifugal Filter Devices 
(Millipore, Billerica, MA) and analyzed by west-
ern blot analysis using antibodies against 

Figure 3. Conditioned medium from HEK293T cells expressing the ectodomain construct contains secreted TMEFF2 
ectodomain and inhibits ERK phosphorylation. A: Exponentially growing HEK293T cells transfected with the TMEFF2-
ectodomain construct or the empty vector (EV) as a control, were grown under serum starvation conditions for 24 
hours. A sample of the conditioned medium was then collected, concentrated and subjected to immunoblotting with 
an anti-TMEFF2 antibody targeting the ectodomain region of the protein. The presence of TMEFF2 ectodomain in 
the conditioned medium is indicated by the arrow. B: RWPE-1 cells were transferred to basal KSF medium for 30 
minutes before the medium was replaced with different amounts of ectodomain containing medium. Two different 
TMEFF2 antibodies were added to the conditioned medium to neutralize the TMEFF2 ectodomain. IgG was used as 
control. Whole cell lysates were prepared and subjected to immunoblotting with anti-p-ERK1/2 antibody. Represen-
tative examples of at least two independent experiments showing similar results are shown.
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TMEFF2 (Abcam, Cambridge, MA). Other anti-
bodies were as follow: anti-TMEFF2 (Abcam, 
Cambridge, MA), anti-phospho-ERK1/2, anti-
total-ERK, anti-phospho-Akt (Ser473), anti-
total-Akt, anti-phospho-Smad2 (Cell Signaling 
Technology, Danvers, MA). Secondary antibod-
ies: goat anti-mouse IgG1-HRP or goat anti-rab-
bit IgG-HRP (Santa Cruz Biotechnology, Santa 
Cruz, CA), rabbit control IgG (Abcam, Cambridge, 
MA). Blocking antibodies added to the condi-
tioned medium were all at 1 ug/ml working 
concentration.

Results

The full length TMEFF2 promotes ERK phos-
phorylation in response to epidermal growth 
factor

Expression of the full length, membrane-bound 
TMEFF2 inhibits growth, invasion and migration 
of HEK293T cells and several prostate epithe-
lial and prostate cancer cell lines [15, 22, 23] 
indicating a tumor suppressor role for this pro-

tein. To further gain insight in the signaling 
pathways involved in TMEFF2 function, we ana-
lyzed the effect of the full length TMEFF2 on 
Ras/Raf/MEK/ERK, one of the main pathways 
involved in PCa progression. Of note, a recom-
binant form of the TMEFF2 ectodomain has 
been shown to promote activation of several 
components of the epidermal growth factor 
(EGF) receptor/MEK/ERK signaling pathway, 
including ERK1/2 phosphorylation [18]. 
Prostate epithelial RWPE1 cells that are 
induced to express TMEFF2 full length in 
response to doxycycline addition described in 
ref. [22] along with control cells transfected 
with the empty vector (EV) were used in these 
experiments. In addition, we created a deletion 
mutant, TMEFF2-ΔGA, lacking 13 consecutive 
basic-rich amino acids in the cytoplasmic 
domain of the protein, to examine its potential 
role in signaling. As shown in Figure 1A, expres-
sion of either the full length or the TMEFF2-ΔGA 
did not affect ERK phosphorylation when grown 
under normal conditions (compared to cells 
expressing the empty vector). However, stimu-

Figure 4. The ectodomain inhibits ERK1/2 phosphorylation in a dose dependent-manner but does not affect the 
activation kinetics. A: RWPE-1 cells were transferred to basal KSF medium for 30 minutes before the medium was 
replaced with different amounts of ectodomain containing conditioned medium. Whole cell lysates were then sub-
jected to immunoblotting with anti-p-ERK1/2 and anti-ERK1/2 antibodies for normalization. B: RWPE-1 cells were 
transferred to basal KSF medium for 30 minutes before the medium was replaced with ectodomain containing 
conditioned medium for indicated times. Whole cell lysates were prepared and subjected to immunoblotting with 
anti-p-ERK1/2 and anti-β-tubulin antibodies for normalization. Representative examples of at least two indepen-
dent experiments showing similar results are shown.
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lation with epidermal growth factor (EGF), a 
main EGFR/MEK/ERK activator, of cell cultures 
growing in KSF basal medium resulted in an 
increase in ERK phosphorylation in RWPE1 
cells expressing full length TMEFF2 as com-
pared to cells expressing the empty vector or 
cells left untreated (Figure 1B). Interestingly, 
deleting the 13 basic-rich amino acid region in 
the cytoplasmic domain (TMEFF2-ΔGA) pre-
vents TMEFF2 from promoting ERK activation 
suggesting that losing that region of the protein 
affects its signaling ability. These results indi-
cate that in RWPE1 prostate epithelial cells, the 
TMEFF2 full-length protein promotes ERK phos-
phorylation in response to EGF and that it 
requires a functional cytoplasmic domain for 
this effect.

PDGF-AA induces sustained phosphorylation 
of ERK in cells expressing TMEFF2

As stimulation of PDGF receptors activates the 
Ras/Raf/MEK/ERK and the Akt/PI3K pathways 
in numerous cells and PDGF-AA has been 
shown to interact with TMEFF2, we tested the 
effect of TMEFF2 on ERK and Akt activation 
using RWPE1 cells stimulated with PDGF. 
RWPE1 cells are known to express the PDGFα 
and β receptors [28]. First, we determined that 
ERK phosphorylation reaches a limit at a con-
centration of 25 ng/ml of PDGF-AA in the medi-
um since increasing concentrations did not 

result in increased ERK phosphorylation (Figure 
2A), and established a concentration of 50 ng/
ml PDGF-AA in subsequent experiments. The 
addition of PDGF-AA to RWPE1 cells growing in 
basal KSF medium without supplements led to 
an early and transient phosphorylation of Akt 
which peaked within 10 minutes and returned 
to baseline within an hour (Figure 2B). Increased 
phosphorylation of ERK was not apparent until 
1 hour after the stimulation and was highest at 
the last time point, obtained 4 hours after 
PDGF-AA addition (Figure 2B; of note, it is pos-
sible that it is further increased). Therefore, 
these two signaling pathways do not seem to 
overlap in cells treated with PDGF-AA. Similar to 
the results observed with EGF stimulation, 
overexpression of TMEFF2, while having no sig-
nificant effect on Akt phosphorylation, promot-
ed an early and robust induction of ERK phos-
phorylation that was apparent 10 minutes after 
the addition of PDGF-AA to the culture and 
increased progressively throughout the dura-
tion of the experiment (up to 4 hours; Figure 
2C). In addition, overexpression of the TMEFF2-
ΔGA mutant protein nearly completely reversed 
the effect on ERK phosphorylation to the level 
observed with the EV expressing RWPE1 cells 
suggesting that the presence of the cytoplas-
mic tail is required for the effect of TMEFF2 on 
ERK phosphorylation in response to PDGF-AA 
(Figure 2D). RWPE1 cells expressing the 
ectodomain protein, did not demonstrate an 

Figure 5. The TMEFF2 ectodomain promotes AKT phosphorylation and that inversely correlates with its effect on 
ERK phosphorylation. RWPE-1 cells transferred to basal KSF medium for 4 hours before the medium was replaced 
with ectodomain containing conditioned medium obtained from HEK293T cells that express the ectodomain 
(ECTO), the full length (FULL) or the empty vector (EV) constructs.  Whole cell lysates were prepared and subjected 
to immunoblotting with anti-p-ERK1/2, anti-ERK1/2, anti-p-AKT S473, anti-AKT, and anti-p-smad2 antibodies (left). 
Quantitation of the results is shown (right). Representative examples of at least two independent experiments show-
ing similar results are shown.
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increase in ERK phosphorylation in response to 
PDGF-AA (Figure 2E). This result was expected 
since purified recombinant soluble TMEFF2 
ectodomain has been shown to interact with 
PDGF-AA inhibiting its interaction with the 
PDGF receptor [26]. Since the TMEFF2 ectodo-
main expressed in our cells lacks the trans-
membrane domain and is secreted into the 
media, we hypothesized that it sequesters the 
PDGF-AA factor from its interaction with the 
receptor inhibiting its signaling.

The ectodomain region of TMEFF2 inhibits 
ERK phosphorylation

The results presented above suggest that the 
TMEFF2 ectodomain may inhibit ERK phos-
phorylation in response to PDGF-AA. To further 
investigate the role of the TMEFF2 ectodomain 
in ERK phosphorylation, we determined wheth-
er ectodomain containing conditioned medium 
could directly modulate the activity of ERK in 
RWPE1 cells. Ectodomain containing condi-
tioned medium was collected from exponen-
tially growing HEK293T cell cultures overex-
pressing the TMEFF2 ectodomain. The 
presence of TMEFF2 ectodomain in the condi-
tioned medium was analyzed by western blot 
using antibodies against the TMEFF2 ectodo-
main (Figure 3A). The collected conditioned 
medium was used to replace the growth medi-

um of the RWPE1 cells, and the ERK1/2 phos-
phorylation was examined by western blot anal-
ysis using a rabbit polyclonal antibody. Addition 
of increasing amounts of conditioned medium 
from the TMEFF2 ectodomain overexpressing 
cultures resulted in a stepwise decrease in ERK 
phosphorylation in the RWPE1 cells (Figure 3B, 
left lanes). This effect was partially reversed by 
the addition of a monoclonal antibody to 
TMEFF2 (Figure 3B, central lanes) but not by a 
polyclonal antibody against this protein (Figure 
3B, right lanes). IgG was used as control (Figure 
3B, left lanes). The differential effect of the two 
antibodies is likely due to different binding 
specificities. These results indicate that inhibi-
tion of ERK phosphorylation is, at least in part, 
due to the presence of the TMEFF2 ectodomain 
in the conditioned medium. The presence of 
IgG did not affect the TMEFF2 ectodomain 
mediated inhibition of ERK phosphorylation, as 
a similar dose-dependent inhibition was 
observed with increasing amounts of ectodo-
main containing conditioned medium in the 
absence of IgGs (Figure 4A). Finally, using a 
fixed amount of conditioned medium, we com-
pared the effect of ectodomain containing con-
ditioned medium on ERK phosphorylation over-
time. Conditioned medium collected from 
vector transfected HEK293T cultures was used 
as a control. The results (Figure 4B) indicated 
that although ERK phosphorylation occurs with 

Figure 6. Model of the role of TMEFF2 in Akt and ERK activation. A: full length TMEFF2 acting as a receptor (green 
bars) or co-receptor (grey and green) promotes ERK phosphorylation; B: shedding of TMEFF2 leads to ectodomain 
accumulation (green circle) in the conditioned media that can C: function as a ligand to an unknown receptor to pro-
mote Akt activation and subsequent Raf inhibition leading to low ERK phosphorylation and D: interact with growth 
factors (i.e. PDGF) to prevent interaction with their promoter and ERK activation.
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similar kinetics in cells treated with TMEFF2 
ectodomain containing or empty vector control 
conditioned medium, the extent of ERK phos-
phorylation was decreased when RWPE1 cells 
were treated with TMEFF2 ectodomain contain-
ing conditioned medium. These results indicate 
that in RWPE1 prostate epithelial cells, the 
effects of TMEFF2 ectodomain and the full-
length protein on ERK activation are reversed 
and this could potentially explain the opposing 
functional roles of these two forms of the 
TMEFF2 protein.

The TMEFF2 ectodomain promotes AKT activa-
tion 

The results presented above were unexpected 
since previous reports indicate increased ERK 
phosphorylation in response to purified recom-
binant TMEFF2 ectodomain. Since the Ras-Raf-
MEK-ERK and the PI3K-Akt pathways are 
known to demonstrate cross talk, impacting 
the outcome of the pathways [6], we analyzed 
whether treatment with ectodomain containing 
conditioned medium was able to induce chang-
es in Akt activation that could ultimately affect 
ERK phosphorylation. Following the same pro-
tocol as described above, conditioned medium 
collected from HEK293T cells transfected with 
the TMEFF2 full length or the ectodomain con-
structs was used to replace the growth medium 
of cultures of RWPE1 cells, and the phosphory-
lation of ERK and AKT was analyzed 30 min-
utes after the medium replacement. As a con-
trol, conditioned medium collected from vector 
transfected HEK293T cultures was used 
(Figure 5). As described above, ectodomain 
containing conditioned medium-from the full 
length or ectodomain expressing cells-- 
decreased ERK phosphorylation. However, Akt 
phosphorylation was increased under these 
conditions, indicating an inverse correlation 
between ERK and Akt phosphorylation in 
response to the ectodomain in RWPE1 cells 
(Figure 5). These results are in agreement with 
data indicating that a proliferative stimulus can 
modulate the ERK pathway to prevent growth 
arrest by ERK-dependent up-regulation of cell 
cycle inhibitors [29, 30] and with the fact that 
Akt can play a positive or negative role in the 
regulation of ERK depending on several vari-
ables, such as growth condition, stage of dif-
ferentiation, etc [6]. Although TMEFF1, the only 
TMEFF2 homolog, has been shown to modulate 
Nodal signaling [31, 32], we did not observe dif-

ferences in Smad2 phosphorylation in response 
to TMEFF2 ectodomain conditioned medium 
(Figure 5). All together these results indicate 
that different forms of TMEFF2, full length or 
ectodomain, distinctly modulate the ERK and/
or Akt pathways to exert different roles.

Discussion

In this study we report that TMEFF2, a protein 
with a role in prostate cancer, modulates the 
activity of the Ras/Raf/MEK/ERK and PI3K/Akt 
signaling pathways. Interestingly, while the full 
length TMEFF2 protein promotes a strong ERK 
activation in response to growth factors but 
had no effect in Akt activation, a shed form of 
the protein, the TMEFF2 ectodomain, inhibits 
ERK phosphorylation and promotes Akt activa-
tion. These opposing effects on ERK and Akt 
activation reflect a distinct role and effector 
site for each isoform; the full length functions 
as a tumor suppressor [15, 22-24] from the 
membrane or from inside the cell after internal-
ization [14, 33, 34], while the shed ectodomain 
promotes growth [18, 22, 25] and functions 
from outside the cell, potentially as a ligand. 

The Ras/Raf/MEK/ERK and the PI3K/Akt sig-
naling cascades play critical roles in control of 
cell survival, proliferation, differentiation, 
metabolism and cell motility and they are fre-
quently activated during oncogenesis [3-5].
Accumulating evidence indicates that in addi-
tion to their independent roles, these pathways 
regulate each other (cross-talk) during normal 
growth and oncogenesis. For example, activat-
ed Akt inhibits ERK activation by phosphorylat-
ing and inhibiting Raf, upstream of ERK [6, 35], 
and by facilitating EGF-receptor (EGFR) degra-
dation to inhibit signaling to its downstream 
pathways [36]. This cross inhibition by activat-
ed Akt is especially relevant to prostate cancer 
since deregulated expression and/or mutations 
of the phosphate and tensin (PTEN) homolog 
tumor suppressor gene, which lead to activa-
tion of AKT, occur with very high frequency in 
prostate cancer [37]. In fact, it has been report-
ed that in advanced prostate cancer there are 
high levels of activated Akt, and this is inversely 
correlated with the level of ERK activation (low). 
In benign lesions, or low grade prostate cancer 
this relationship is reversed, demonstrating 
high phospho-ERK and low phospho-Akt levels 
[38-40]. These observations agree with a 
recently identified tumor suppressor role for 
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ERK. High levels of ERK phosphorylation lead 
to an ERK-dependent protein degradation pro-
cess and senescence [41]. 

Our results are consistent with these observa-
tions. The tumor suppressor full lengths 
TMEFF2 protein promotes strong ERK phos-
phorylation and requires the cytoplasmic tail 
for this effect, while the growth promoting 
ectodomain, activates Akt and inhibits ERK 
phosphorylation. TMEFF2 is cleaved from the 
membrane by ADAM17/Υ-secretase dependent 
cleavage that can be induced by inflammatory 
cytokines, i.e. TNFα [18, 19, 22], which are 
characteristic of the tumor microenvironment. 
Therefore, regulated TMEFF2 cleavage can 
modulate the function of TMEFF2, as it plays a 
role during tumor establishment and progres-
sion. Based on the results presented here, the 
functional switch from a tumor suppressor to a 
growth-promoting role could be mediated by 
the activation of the Akt pathway and subse-
quent silencing of the ERK-mediated tumor 
suppressor function. In addition, the distinct 
functions of the membrane-bound and soluble 
forms of TMEFF2 suggest that TMEFF2 may sig-
nal either as a ligand, a membrane bound 
receptor and/or as a co-receptor. Based on 
these results we propose a model (Figure 6) in 
which the different TMEFF2 forms distinctly 
modulate Akt and/or ERK signaling to exert dif-
ferent functions: A) full length TMEFF2 acting 
as a receptor or co-receptor promotes ERK 
phosphorylation; B) Shedding of TMEFF2 leads 
to ectodomain accumulation that can C) func-
tion as a ligand to an unknown receptor to pro-
mote Akt activation and subsequent Raf inhibi-
tion leading to low ERK phosphorylation and D) 
interact with growth factors (i.e. PDGF) to pre-
vent interaction with their receptor and ERK 
activation. 

The data in Figure 4 indicates that the effect of 
the ectodomain-containing conditioned medi-
um on ERK phosphorylation is partly reversed 
by a TMEFF2 blocking antibody suggesting that, 
at least in part, the effect on ERK phosphoryla-
tion is directly mediated by the TMEFF2 ectodo-
main. While the non-complete reversion of ERK 
phosphorylation could be due to failure of the 
antibody, a parallel explanation to the function 
of the TMEFF2 ectodomain, not depicted in our 
model (Figure 6), is that the cleaved TMEFF2 
ectodomain may also have an indirect effect on 
ERK phosphorylation. In this role, expression/

activity of the TMEFF2 ectodomain in HEK293T 
cells (utilized to collect the conditioned medium 
used in the experiments) would promote secre-
tion of high levels of a factor (e.g. IGF) that can 
activate Akt in prostate epithelial RWPE1 cells. 
Whether direct or indirect, the ectodomain is 
functioning from the outside of the cell-poten-
tially as a ligand- and therefore its effect may 
be cell specific depending on the repertoire of 
receptors present in the cell. In fact, several 
effects have been described for the ectodo-
main in different cell lines. Purified recombi-
nant ectodomain, promotes growth of neurons 
[17] and non-transformed HEK293 cells [18] 
and phosphorylation of some of the compo-
nents of the ERK signaling pathway-erbB4 in 
MNK28 gastric cancer cells and ERK1/2 in 
HEK293 cells [13, 18] and corticotroph cells 
[42]. Interestingly, in corticotroph cells, ERK 
activation has been reported to occur as a con-
sequence of Akt inhibition [42]. In contrast, 
ectodomain containing conditioned medium, 
although it promotes growth of HEK293T [22] 
and prostate epithelial RWPE1 cells [22], this 
effect, as demonstrated here, correlates with a 
decrease in ERK phosphorylation and an 
increase in Akt activation in prostate epithelial 
cells. Finally, using NR6 fibroblast, Lin et al. 
demonstrated that recombinant ectodomain 
binds to and competes with PDGF-AA from 
binding to its receptor, inhibiting PDGF-AA pro-
moted growth [26]. 

The potential clinical relevance of the tumor 
suppressor role of the full length TMEFF2 has 
been documented in gliomas as an inverse cor-
relation between TMEFF2 expression and both, 
the severity of the disease and the levels of 
PDGF-AA [26]. In prostate cancer cell lines, 
TMEFF2 interacts with SARDH [22] to modulate 
one carbon metabolism and the levels of sarco-
sine [22, 23], an amino acid identified as a 
marker for prostate cancer progression [43]. 
TMEFF2-induced decrease in sarcosine levels 
partly correlates with its tumor suppressor role 
and, in fact, the TMEFF2 ectodomain, which 
promotes growth, does not modulate sarcosine 
levels since it does not interact with SARDH 
[22]. The role of TMEFF2 in one carbon metabo-
lism may suggest an additional link to ERK acti-
vation. One carbon metabolism is comprised of 
several connected metabolic pathways that 
promote the folate-mediated transfer of one-
carbon units necessary for DNA synthesis and 
repair. Folate is also essential in its 5-methyl-
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tetrahydrofolate (THF) form as a methyl donor 
in the remethylation of homocysteine to methi-
onine, which is then converted to S-adenosy- 
lmethionine (SAM), the universal methyl donor 
[44]. By modulating one carbon metabolism, 
TMEFF2 has the potential to impact homocys-
teine levels, which have been reported to mod-
ulate the ERK and Akt signaling pathways [45]. 

Akt and the androgen receptor (AR) have been 
shown to cooperate in cancer progression [46] 
and it has been suggested that Akt may directly 
phosphorylate AR inhibiting AR transactivation, 
and blocking AR-induced apoptosis [47]. Based 
on our results the TMEFF2 ectodomain pro-
motes Akt phosphorylation and thus negatively 
regulates AR activation, which in turn regulates 
TMEFF2 expression [15, 48], providing an addi-
tional link between Akt and TMEFF2 mediated 
by the AR. 

In conclusion, our results provide evidence of a 
role for TMEFF2 on Akt and ERK signaling path-
ways that may be relevant to prostate cancer 
tumorigenesis.
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