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Transmembrane protein with an EGF-like and two follistatin-like domains 2 (TMEFF2) is a 374-residue long type-I
transmembrane proteoglycan which is proteolytically shed from the cell surface. The protein is involved in a range
of functions including metabolism, neuroprotection, apoptosis, embryonic development, onco-suppression and
endocrine function. TMEFF2 is methylated in numerous cancers, and an inverse correlation with the stage,
response to therapy and survival outcome has been observed. Moreover, TMEFF2 methylation increases with
breast, colon and gastric cancer progression. TMEFF2 is methylated early during oncogenesis in breast and
colorectal cancer, and the detection of methylated free-circulating TMEFF2 DNA has been suggested as a potential
diagnostic tool. The TMEFF2 downregulation signature equals and sometimes outperforms the Gleason and
pathological scores in prostate cancer. TMEFF2 is downregulated in glioma and cotricotropinomas, and it impairs
the production of adrenocorticotropic hormone in glioma cells. Through binding the amyloid B protein, its precursor
and derivatives, TMEFF2 provides neuroprotection in Alzheimer’s disease. Primary literature regarding TMEFF2 is
incoherent and offers conflicting information, in particular, the oncogenic vs. onco-suppressive role of TMEFF2 in
prostate cancer.

HPP1 TPEF TENB2 tomoregulin follistatin domain ectodomain shedding

interferon signalling Alzheimer’s disease epigenetic silencing transmembrane proteoglycan

| 1. Introduction

The Transmembrane protein with an EGF-like and two follistatin-like domains 2 (TMEFF2) gene is located on

chromosome 2g32-q33 and encodes a 374-residue long single polypeptide, type-I transmembrane proteoglycan.
According to the HUGO gene nomenclature committee (12 the aliases of TMEFF2 include,

HPP1

o

[o]

Tomoregulin (TR)

o

Transmembrane protein TENB2 (TENB2)

o

Cancer/testis antigen family 120, member 2 (CT120.2)

o

Transmembrane protein containing EGF and follistatin domains (TPEF)
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The reported functions of TMEFF2 span across a wide range of physiological and pathological spectra and
TMEFF2 promoter and its 5-upstream CpG island B are methylated in a number of cancers. TMEFF2 is a
multidomain protein with its N-terminus harbouring a signal peptide followed by two follistatin-like domains, an EGF
(epidermal growth factor)-like domain, a transmembrane portion and a short intracellular domain (Figure 1). The
EGF-like domain of TMEFF2 appears to be functionally ineffective because of the substitution of a
crucial arginine residue (Arg39) with histidine 4!, whereas the follistatin-like domains are reported to
be crucial for the relevant functions of TMEFF2 [RI6ILZIE]

Figure 1. Transmembrane protein with an EGF-like and two follistatin-like domains 2 (TMEFF2) protein
architecture. SP: signal peptide, FLS: follistatin-like domain, EGF: EGF-like domain, TM: transmembrane domain,
G: G-protein activating motif, P: phosphorylation site. A Ser/Gly rich region between the two follistatin-like domains
constitutes a glycosaminoglycans (chondroitin sulphate) attachment site. A potential Tyr kinase phosphorylation
site at residue 242, N-linked glycosylation sites around residues 55 and 203 and several potential protease
cleavage sites (only shown cleavage sites reported through hydropathy analysis) are represented. HPP1-B is a
less frequently isolated TMEFF2 variant originating from a 57-bp sequence insertion in its gene. The new
sequence following the transmembrane domain contains three stop codons resulting in a truncated protein short of
its cytoplasmic tail; stop sites are marked with *. TMEFF2-S is a short isoform where the first 146 residues of

TMEFF2 are followed by a 29-residue long novel sequence. Imaging software: DOG £,

| 2. History
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TMEFF2 was identified and characterized by at least five independent groups within the time span of
approximately a year BIAILALLIL2] A shorter secreted isoform of TMEFF2, TMEFF2-S, was reported later 23],

In April 2000, in an attempt to identify novel EGF-like genes, Akira Tanigami’s group 4l identified a novel gene
expressed in the human brain after searching for the sequences encoding the conserved EGF-like domain and
cloned it from a A10 human foetal brain cDNA library. The predicted amino acid sequence revealed an N-terminal
signal peptide, two follistatin-like domains upstream of the EGF-like domain, a putative transmembrane domain
and a short C-terminal cytoplasmic domain. The gene was thus named TMEFF2 (transmembrane protein with an
EGF-like and two follistatin-like domains 2). Later, the group isolated Tmeff2 from a LambdaZAPII mouse brain
cDNA library. The predicted amino acid sequences for human and mouse orthologs were 98.9% identical and
showed a high degree of homology with the X.laevis protein x7365. A human clone, H7365 (identified in GenBank
database, Accession number U19878), was found to share 35.8% homology with TMEFF2 and was
named TMEFF1. Gly and Cys residues typical of EGF-like domains are conserved in both TMEFF1 and TMEFF2;
however, a critical residue, Arg39, which is crucial for the binding of the EGF-like domain to its receptors, is
replaced with His in both TMEFF1 and TMEFF2. The mutation of this Arg in human EGF reduces its affinity for
EGFR to less than 0.5% of normal EGF 4],

In a similar work, Satou’s and Sakamoto’s groups X114l cloned a cDNA from a human brain cDNA library while
searching for novel proteins harbouring the EGF-like domain, which was named tomoregulin, and reported three
splice variants: TRa (368-residues), TRb (418-residues) and TRc (379-residues). Hydropathy analysis of TRa
revealed a G-protein-activating motif on the C-terminus, three protease cleavage sites—two adjacent to the
transmembrane domain in the stalk sequence and another one towards the N-terminal portion of the EGF-like
domain—two sites for N-linked glycosylation and two glycosaminoglycan attachment sites on the ectodomain. The
experimental verification of N-linked glycosylation and the protease cleavage sites on both the N- and C-terminal

portions of the EGF-like domain was also reported in this study 111141,

Later, in October 2001, Robert Nicholson’s group 22 reported the discovery and characterization of TENB2 while
attempting to identify differentially expressed genes between androgen-dependent and androgen-independent
stages of prostate cancer using the TEN12 prostate cancer xenograft model. The parent clone of the TEN12
xenograft is androgen-dependent and Nicholson’s group developed the androgen-independent TEN12-C and TEN-
12-F by passaging the parent TEN12 through castrated and female mice. AcDNA libraries from TEN12 and TEN12-
F were generated and screened, and TENB2 was found among the cDNAs which were consistently upregulated
upon development of androgen independence in the TEN12 prostate cancer xenograft. Interestingly, the authors
described TENB2 as a splice variant of tomoregulin 22 and observed a 100% sequence homology at the 5'-end of
the two genes but not at the 3'-end region. Importantly, they reported that the isoform expressed in prostate tissue
is exclusively TENB2 and not tomoregulin. This was later contradicted by Harald Dinter’s group 13, who reported
the expression of tomoregulin in prostate cancer and normal prostate tissue. In addition to the protein features
described in the two previously mentioned studies, Nicholson’s group predicted a tyrosine kinase phosphorylation
site preceding the EGF-like domain at residue 242 and an additional protease cleavage site at residues 40/41.

Moreover, the group reported that the two follistatin-like domains in TENB2 exhibit 40-50% sequence similarity
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with the follistatin-like domains of other proteins. Nicholson’s group also demonstrated that the TENB2 protein was
heavily glycosylated with both N-linked short oligosaccharides and O-linked long chondroitin sulphate (bimeric

repeat polymer) glycosaminoglycans 22!,

In September 2000, Peter Jones’s group B! identified TPEF (transmembrane protein containing EGF and follistatin
domains) during a search for the differentially methylated DNA fragments in colon, bladder and prostate cancers
(161 TPEF was mapped to human chromosome 2g33. Other salient features reported were as follows: (i) the
promoter of TPEF is TATA-less and hosts a CpG island (=650 to +1 bp from the transcription starting point (tsp)),
(ii) the most CpG rich region is =1100 to +750 from tsp, and (iii) the 3'-UTR includes a destabilizing ATTTA motif
and two potential AATAAA polyadenylation signals followed by a polyadenylic acid stretch.

In December 2000, Barbara Leggett's group X9 identified a novel gene, HPP1, that was differentially
hypermethylated in colonic neoplasms and hyperplastic polyps. The cDNA was later cloned out using 3'-RACE
(rapid amplification of cDNA ends) and showed 95% homology with TMEFF2, tomoregulin, TENB2 and TPEF.
Employing fluorescent in situ hybridization, HPP1 was found to be located on chromosome 2 in region 2q32-q33. A
second shorter isoform, HPP1-B, was also cloned and would encode a protein without the cytoplasmic tail.
Interestingly, HPP1-B was only found in the normal mucosa and not in the cancerous tissues, but intriguingly, these

investigators were unable to isolate tomoregulin from pooled normal mucosae by 3'-RACE.

Lastly, in 2006, Quayle and Sadar (13 reported a short isoform of TMEFF2 (TMEFF2-S) in the LNCaP prostate
cancer cell line. TMEFF2-S is comprised of the first four exons of TMEFF2 followed by 2.9 kb corresponding to the
fourth intron. The predicted amino acid sequence suggests a 175-amino acid open reading frame (ORF) consisting
of the first 146 residues of TMEFF2 followed by a novel sequence of 29 mostly hydrophobic residues. TMEFF2-S
lacks one follistatin-like domain, the EGF-like domain and the transmembrane domain. As the signal peptide was
still intact, TMEFF2-S was found to be secreted in the medium of TMEFF2-S-GFP stable LNCaP cells. Notably,
TMEFF2 was not observed in the media of LNCaP cells expressing the full-length TMEFF2-GFP fusion construct,
suggesting that TMEFF2 is not a secretory protein in the proper sense (instead, it is released through proteolytic

shedding—details discussed later in section, TMEFF2 in prostate cancer).

| 3. Immunoblot band position

An important technical issue regarding TMEFF2 is the molecular masses of the protein reported on immunoblots.
The predicted molecular mass of TMEFF2 is 41,386 Daltons 12, although its reported values vary considerably,
sometimes in the same cell lines and under same conditions (Table 1). We propose two factors as the cause of this
variability. Firstly, TMEFF2 is a heavily glycosylated protein and, depending upon its glycosylation profile, the
protein would travel in the SDS-PAGE at differing rates. Secondly, it is apparent from the studies by Vera
Knauper's group BI7 that various proteases have the capacity to cleave TMEFF2 at different sites, resulting in
several distinctive fragments for both the ectodomain and the remaining intramembranous stub. The prevalence of
the specific protease moieties could in turn depend upon the cellltissue type, microenvironment, cell culture

conditions and cell transfection/treatment conditions.
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Table 1. TMEFF2 immunoblot studies.

Reducing/Non- Endogenous/ Antibody glair::

ol Reducing Overexpressed Used kDa 2Lzl =
17, Duplet band between 50 and 56
N2a Not mentioned  Overexpressed Anti-V5 50, kDa, plus a single band just [
56 below 17 kDa (C-terminal band)
. a 51, (18]
CWR22 Not mentioned Endogenous 2H-8 58 Duplet band at 51-58 kDa
LNCap, . TMEFF- Single 44 kDa band in both [19]
Ca-2 Not mentioned Endogenous cpb 44 LNCap and C4-2 cells
Abcam
. Single band just under 50 kDa
Details not
22Rv1, Not mentioned Endogenous ( ~48  marker (size not mentioned in [20]
LNCap mentioned) text)
L Single smear ranging from 40 to
Details not i
22Rv1, e O EnoI ( 40to 55 kDain LNCap and doublet. [21]
LNCap mentioned) 55 band between 40 and 55 kDa in
22Rv1 cells
Abcam A smear from 40-56 kDa in
RWPEL, . (Details ot 40t0  RVPEL and RWPE2 cells, a -
RWPE? Not mentioned  Overexpressed _ 56 heavily glycosylated band can
mentioned) be observed above 90 kDa in
only the TMEFF2_AGA form
Full length at 58 kDa, ECD only
HEK293 Reducing Overexpressed 11D1C1 ¢ 58 at 54 kDa (bands appear as [23]
duplets)
Endogenous TMEFF2 was
detected at a single band of 43
kDa in LNCaP cells. V5/His
tagged TMEFF2 overexpressing
43, PC3 cells showed a major band
PC3, : Both (see 48, . ) [15]
Non-reducing . 2H-8 at 48 kDa, a minor one at
LNCap detail) 52, :
97 approximately 52kDa and
another (smear) band at
approximately 97 kDa. ECD-
only overexpressing PC3 cells
showed a band at 40 kDa.
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Reducing/Non- Endogenous/ Antibody

ol Reducing Overexpressed Used

CHO Reducing Overexpressed Anti-V5

CHO, Both (see Both (see 2H-8, aTR-
A172 detail) detail) cd

Anti-V5,
Anti-
TMEFF2
(details not
mentioned)

HEK293,

LNCaP, . Both (see
CHO, Not mentioned detail)
PC3

HEK293  Not mentioned  Overexpressed Anti-V5

Band
Sizes
kDa

14,
71

51

60,
75,
10,
14,
22

15,
17,
20,
24,
28

Detail

V5/His tagged overexpressing
TMEFF2 in CHO cells showed
two distinct bands: one at 71
kDa and another at 14 kDa. For
ECD-only overexpressing CHO
cells, a duplet band at 54—60
was detected in cell lysate while
4 bands were detected in the
medium, at 99, 69, 63 and 52
kDa.

In A172 cells, endogenous TRc
was detected at 51 kDa under
non-reducing conditions (2H8
antibody). For TRc-
overexpressing CHO cells, the
band was observed at 51 kDa
under non-reducing conditions
and at 58 kDa under reducing
conditions in cell lysates (pAb-
aTRc antibody). In the media of
TRc-overexpressing CHO cells,
under non-reducing conditions,
a smear was observed at 39-45
kDa (2H8 antibody).

Endogenous TMEFF2 from
LNCap cells, the shed form from
media, showed a duplet band at
60-75 kDa. In TMEFF2/V5/His
overexpressing HEK293, a
duplet band at 60-75 kDa was
detected in conditioned media
(atni-TMEFF2 antibody) and 10,
14 and 22 kDa distinct bands
were detected in the cell lysate
(anti-V5 antibody). Similarly, in
TMEFF2/V5/His overexpressing
CHO and PC3 cells, 10, 14 and
22 kDa c-terminal bands were
detected in the cell lysate using
V5 antibody.

Only C terminal bands were
mentioned. In HEK293 cells
stably transfected with AP-
TMEFF2-V5/His, bands
changed upon overexpression
of various proteinases:

Ref.

[12]

7]
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Reducing/Non- Endogenous/ Antibody 5322

Reducing Overexpressed Used kDl Detail Ref.

Cells

(Matriptase-1) 24 and 28 kDa,
and (Hepsin) 15 and 20 kDa. A
17-kDa band was observed
without overexpression of any
protease and was proposed to
be a result of native ADAM
activity.

a 2H-8 mAb was generated against TR extracellular domain [ b TMEFF-CP pAb was generated against a.a 345—
359 of TMEFF2 cytoplasmic domain (19 ¢ 11D1C1 mAb was generated against TMEFF2 extracellular domain by
DNA immunization 2. 4 aTR-C pAb was generated against a.a. 346—360 of TRc cytoplasmic domain (11

| 4. Tissue Distribution

Most studies report a baseline TMEFF2 expression exclusively in brain and prostate tissue L2425 However,
numerous studies contradict this notion. For example, Liang et al. Bl ysed multi-tissue northern arrays and
depicted TPEF to be predominantly present only in brain and prostate tissues, but a lower expression was
observed in a variety of other tissues including stomach, colon, testis, ovary, pancreas, adrenal gland, thyroid
gland, salivary gland, liver, small intestine, lung, trachea, placenta, foetal brain, foetal heart, foetal kidney, bladder,
mammary gland, kidney and pituitary gland. Young et al. 29 employed in situ hybridization in colonic mucosae,
and HPP1 was observed in myofibroblasts, stromal cells, epithelial cells, B-lymphocytes, gut-associated lymphoid
tissue, scattered fibroblasts, ganglion cells and endothelial cells. Using RT-PCR, Zhao et al. 23] gpserved low
levels of tomoregulin MRNA in kidney tissue and minimal levels in testis. Han et al. 281 observed the expression
of TMEFF2 mRNA and protein in pancreatic cancer and normal pancreatic tissue. Intriguingly, Glynne-Jones et al.
2] ysed northern tissue arrays and reported TENB2 mRNA present only in prostate tissue and brain (adult and
foetal) except in the pituitary gland. On the other hand, Labeur et al. 61 found adrenocorticotropic hormone (ACTH)-

producing cells of the anterior pituitary to be TMEFF2 immuno-positive.

The situation is similar when it comes to cell lines: most of the studies report no expression of TMEFF2 in the
majority of cell lines except for a small number from prostate and nervous tissue origin EILLIR2I24125] - 5ome
important exceptions exist here as well. For example, Gery et al. 24] found low-level expression of TMEFF2 in HOS
and MG63 osteosarcoma cells. Yonezawa et al. [ reported weak expression in stomach fibroblasts, RD human
embryonal rhabdomyosarcoma cells and PC12 rat pheochromocytoma cells in addition to the A172 glioblastoma
and CHO-K1 cells. Han et al. 28 reported the expression of both the protein and mRNA of TMEFF2 in five
pancreatic cancer cell lines—SW1990, Bxpc3, CFPAC1, Pancl and AsPCl—and in the normal pancreatic ductal
epithelial cells HPDE6-C7. Labeur et al. @ used AtT20 pituitary corticotrope tumour cells for TMEFF2 knockdown
studies. Moreover, Torrecilla et al. 22 cloned TMEFF2 by retrotranscription from total RNA of the human lung

carcinoma-derived cell line A549, and Liang et al. Bl used RNA from the human placental cDNA library for the same
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purpose. They also observed expression of the gene in the SK-Mel-28 human melanoma cell line pointing towards

a more widespread tissue expression.

Interestingly, although several studies have proven the expression of TMEFF2 in prostate tissue [B121[15][24]25]
when Zhao et al. 12 tested for the expression of tomoregulin mRNA using RT-PCR and northern blot in five
prostate cell lines (PrEC, BPH1, LNCaP, PC-3 and DU145), only LNCaP cells expressed significant levels of
tomoregulin mMRNA. The expression of TMEFF2 in LNCaP cells and its absence in PC3 and DU145 were also
confirmed by Gery et al. 241, who additionally reported TMEFF2 mRNA expression in the CWR22 prostate cancer
xenograft. The most comprehensive study regarding the expression of TMEFF2 in normal and diseased tissue and
cell lines was conducted by Afar et al. [23 using custom DNA microarrays followed by TagMan™ analysis
confirmation. They reported TMEFF2 expression to be exclusive in LNCaP and CWR22 prostate cancer cell lines
in addition to the glioblastoma cell lines U118 and U187MG. However, a closer observation of the data provided by
Afar et al. reveals a low yet detectable level of TMEFF2 in breast, colon and lung cancer cell lines. This could be
explained due to the relative expression levels of TMEFF2 mRNA in brain and prostate tissues masking the data

from other tissues.

Among other species, a similar TMEFF2 expression pattern has been reported, i.e., mainly in brain and nervous
tissue 4121271128 \with a few interesting exceptions. Yonezawa et al. L1141 ohserved tomoregulin immunoreactivity
in gastric mucosa, mesenchymal cells and fibroblasts localized in the lamina propria of rat. Chen et al. 29 reported
Tmeff2 expression in the white adipose tissue of mouse. They also registered significant Tmeff2 expression in the
mouse prostate using PALP staining in Tmeff2 knockout mice where the first coding exon of Tmeff2 was replaced
with cDNA encoding the human placental alkaline phosphatase (hPLAP). However, when Afar et al. (23 used
immunostaining with antibodies for the TMEFF2 ectodomain, they found the mouse prostate to be negative for

Tmeff2. The absence of Tmeff2 in mouse prostate was also reported by Corbin et al. 27,

Harbouring a secretory signal peptide, the predicted transmembrane and the cytoplasmic domains, TMEFF2 is
expected to be primarily localized on the plasma membrane. Indeed, Quayle et al. 13 observed full-length
TMEFF2-GFP to be primarily localized at the plasma membrane of LNCap cells. However, other reports regarding
the intracellular localization of TMEFF2 are not consistent. For example, Hong et al. I reported TMEFF2 to exhibit
a granular cytoplasmic profile rather than a membranous localization in MC65 neuroblastoma cells. In the 22Rv1
prostate cancer cell line, the TMEFF2 puncta can be observed mainly along the rim of the nuclei (through
immunofluorescence) 21 and TMEFF2 has also been reported to colocalise with B-actin and a-tubulin in these
cells 29, Zhao et al. BY observed TMEFF2 in the lysosomes of PC3 prostate cancer cells; as TMEFF2 lacks the
typical cell-surface protein internalization motifs found in type | and Il receptor proteins which canonically trigger
their turnover through lysosomal degradation, the presence of a novel internalization signal in TMEFF2 has been

suggested. A summary of the studies reporting intracellular TMEFF2 localization is presented in Table 2.

Table 2. Studies reporting TMEFF2 intracellular localization.
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Antibody or
Cells Detection Intracellular Location Ref.
Method Used
PC3 Pri#19 Membranous and punctate-cytoplasmic (25]
PC3 oHS M.embrgrjous and punctate-cytoplasmic upon internalization, co-localizes 130]
with acidic organelles
MC65 48G2 Perinuclear and punctate-cytoplasmic, not membranous [z
Abcam Punctate-cytoplasmic along the rim of the nucleus when tested though
22Rv1 (details not immunofluorescence; membranous, cytoplasmic and nuclear in cell (2]

mentioned) fractionation

Not Membranous and diffused-cytoplasmic upon immunofluorescence but 131]
HEK293T . - . . .

mentioned exhibits mitochondrial appearance when fusion constructs were used

Abcam Membranous, cytoplasmic, nuclear; colocalization with B-actin and a-
22Rv1 (details not ) » €YI0P ’ ’ 20]

. tubulin
mentioned)
LnCaP GFP-fusion Membranous and diffused-cytoplasmic for full length and punctate- [13]
construct cytoplasmic for short secreted isoform
Ieilerernces

1. Tweedie, S.; Braschi, B.; Gray, K.; Jones, T.E.M.; Seal, R.L.; Yates, B.; Bruford, E.A.

Genenames.org: The HGNC and VGNC resources in 2021. Nucleic Acids Res 2020.
| 5. Proposed Functions
2. HGNC Database, HUGO Gene Nomenclature Committee (HGNC), European Molecular Biology

Thd_abysiatogigaE wiepefar VDR oemainesldrtijudt. $ iz b Bl &2 kndtadboo medSaramen Gampil)snAivialable
Menoddiize: fattp siitviiomgestenamngssougiyat deksesl Bovidy & cibemner 202Y.in size, fail to gain weight and
e N SR R BTN AAYE L Simed), 1o TRt B L KRS58, WRE LR netens =
prmf"?a?r?slpn%‘r'%he Protein Containing Epidermal Growth Factor and Follistatin Domains Is

Frequently HypermethylatedTg]om%r.n trlljJgsn?ggo%ﬂgsT&EEE%uFr{]g&d r%OOO, 60, 4907-4912.

4. Horie, M.; Mitsumoto, Y.; Kyushiki, H.; Kanemoto, N.; Watanabe, A.; Taniguchi, Y.; Nishino, N.;
Oncogenic vs.

. i lovel
Function Onco- Dé,sl,?)izzgr Reference
Suppressive 92.
TMEFF2 binds and inhibits PDGF-AA through its follistatin- Onco- Several 8]
like domains. suppressive cancers )
liated by
TMEFF2 promotes survival of hippocampal and Neither but pro- Neuronal 4]
mesencephalic neurons in primary culture. growth development
Ta li ildl tivat bB-4 t in MKN28 RH
omoregulin mildly activates erbB-4 receptors in Oncogenic Gastric cancer [11]
gastric cancer cells.
TMEFF2 inhibits Akt phosphorylation and production of Onco- Glioma ) FF2)
ACTH in response to CRH stimulation in AtT20 glioma cells. suppressive Irons

HUITT AT LA~ IUULTU TUAIVILY. J. ALZTICHTICID VIS, 2015, 48, 731—743
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Function
TMEFF2 decreases the proliferation of AtT20 cells.

(i) TMEFF2 is specifically upregulated in OPCs at onset of
cell differentiation, but it is dispensable in the process. (ii)
TMEFF2 weakly interacts with PDGFA but does not prevent
the action of PDGFA on its receptor in HEK293T cells. (iii)
TMEFF2 overexpression increases ERK1/2 phosphorylation
in HEK293T cells.

[

Tomoregulin mRNA is expressed in mouse embryo at E-11,
increases gradually till E-15 and stabilizes through to E-17.

1 TMEFF2 is regulated by androgens in prostate cancer and
inhibits the proliferation of DU145 and PC3 prostate cancer
cells.

TMEFF2 mAb conjugated cytotoxic drug Pr1-vcMMAE
effectively reduced the tumour size in LNCap and CWR22
1 xenograft with minimal toxicity.

B-emitting isotope *°Y-labelled TMEFF2 mAB 2H8
effectively reduces LNCaP xenograft size and is well
tolerated.

TMEFF2 is expressed on the cell surface, and it is
internalized and recycled in lysosomes. TMEFF2 mAB is
complexed with cytotoxin saporin, and it causes death of

1 TMEFF2-stable PC3 cells.

TMEFF2 binds amyloid- protein, its precursor ABPP and
the neurotoxic oligomeric forms of amyloid-f protein ABPOs
in vitro and in vivo. TMEFF2 protects N2a cells from
neurotoxicity induced by ABPO.

TMEFF2 ectodomain shedding is triggered by TNFa, is
brought about by ADAM10 and ADAM17, and increases
proliferation of HEK293T cells. TMEFF2 causes
phosphorylation of ERK1/2.

TMEFF2 is a substrate for membrane anchored serine
proteases (TTSPs) matriptase-1 and hepsin.

Full-length TMEFF2 reduces cell proliferation and sensitises
HEK293T cells to apoptosis, binds and augments sarcosine
dehydrogenase (SRDH) activity and reduces sarcosine
levels, leading to inhibition of cell migration. The TMEFF2
1 ectodomain does the opposite.

Oncogenic vs.

Onco-
Suppressive

Neither but pro-
growth

Neither

Onco-
suppressive

Potentially
oncogenic

Potentially
oncogenic

Potentially
oncogenic

Neither

Neither but pro-
growth

Depends on
proteolytic
processing of
TMEFF2

Ectodomain:
oncogenic
Full-length: onco-
suppressive

Disease or hillips,
Referen
Process elere ce)n_
»18608.
Development 2]
R
2ne
98,
Development ]
Prostate [24] B
cancer 1
Prostate [25]
cancer
M.;
)Ciated
Prostate [15]
cancer
yrostate
Prostate [30]
cancer
l.;
Aodules
Alzheimer’s 7
disease
, C.;
Prostate 5 -ancer.
cancer
N.;
Prostate 7] lome
cancer
“F2
rrine
Prostate 31
cancer
ication

of differentially expressed genes associated with androgen-independent growth of prostate

cancer. Prostate 2002, 51, 247-255.
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1 Oncogenic vs. . \. Gene
Function Onco- D:,srzaciigr Reference
Suppressive ted
Full-length TMEFF2 (i) reduces the expression of integrins
av, B1 and B3; (ii) inhibits RHOA activation; (iii) inhibits Onco- Prostate .
phosphorylation of the focal adhesion kinase (FAK); and (iv) suppressive cancer [22]
2 reduces cell migration. Deletion of putative G-protein dperate
domain prevents all of the above. 73
TMEFF2 reduces invasiveness of 22Rv1 prostate cancer Onco- Prostate
cells through modulation of one-carbon metabolism. . (201
2 TMEFF2 interacts with the cytoskeleton. suppressive cancer
HPP1 induces apoptosis and causes changes in ylatlon
oo . . Onco- Colorectal [33]
morphology and reduction in cell proliferation in HCT-116 S ICaT cancer
colorectal cells through activation of the STAT1 pathway.
2 EFF2
HPP1 activates JAK-STAT interferon pathways to induce e
apoptosis and to reduce proliferation of HCT-116 cells. Onco- Colorectal [34] |
TMEFF2 overexpression marginally sensitized HCT-116 suppressive cancer

cells to INF-a-induced cell death.
2 1dez-
TMFF2 decreases STAT3 phosphorylation through its
interaction with SHP-1 in gastric cancer. STAT3 directly
binds to the TMEFF2 promoter and represses its

Onco- .
. Gastric cancer [25]
suppressive

transcription. 30-337
v, TMEF2 binds SHP-1 in gastric cancer, induces cell cycle Onco-_ Gastric cancer [36] julated
arrest and apoptosis and prevents DNA damage. suppressive
.. --—4746.

Dt e asiiag e isi[o o — i e msmi s = —ar— — s s [F — e s —mmi i — —— i — i i— — et e =y ——

25. Afar, D.E.; Bhaskar, V.; Ibsen, E.; Breinberg, D.; Henshall, S.M.; Kench, J.G.; Drobnjak, M.;
Powers, R ; Evangelista, F.; et al. Preclinical valldatlon of anti- TMEFFZ auristatin E-

: Won
The conserved EGF |IE domam and the two follistatin-like domain EFF2 have d the attention of
conjugated antibo gles In the treatment 01J prostate cancer. gancerhlah 4,3, 5 Ei &ég

most studies. Although the substitution of Arg39 with His in the EGF- I|ke domain strongly reduces its affinity for
26cHa8), Ydrezhah of a1 {1 ebS008d ZMEMERRZIphikiaRR QeaUc eankeis R INKNoE gaatiRbancer cells.
Thi@iﬁf@t@fheaaﬁiegl}éﬁs&Wtﬁ@pﬁrm@h@&ﬁ@@wﬁﬂm@ abthenVBRK §iﬁiﬂ@5nigs ﬁ@H&W@iéli@ﬂq?ﬂis is
unlikargets dkeipR0Ad ahd: Khkdpar{b]l 2brted that the addition of a soluble TMEFF2 ectodomain to HEK293T
FEIESHIR 29 (1S58 LR R AR YNy baTRCY 2 HIBR A ateabatiPanAre RiBRM G ST RERY
PR M RIME: 1IRSsHITKEINE HanRuIbEERATRY DY RISS. KRR HRAE RIS aRE s TrsAky il 2
TMRd s HRSH R PRV 8 Fio ks d TRg B alSH IR AHLCE AL EF B taeeh fig e/ 8ligy Spdarly. at

least three additional studies ©EIE have reported that the deletion of the EGF-like domain of TMEFF2 had no

Zéfe}é?‘&?ﬁ%%%oweﬂ#m{éﬁom(ﬂmoﬂz K.; Nishino, N.; Kondo, M.; Noguchi, K.; Tanigami, A. Expression

of TMEFF1 mRNA in the mouse central nervous system: Precise examination and comparative
studies of TMEFF1 and TMEFF2. Brain Res. Mol. Brain Res. 2001, 86, 48-55.

29. Chen, T.R.; Wang, P.; Carroll, L.K.; Zhang, Y.J.; Han, B.X.; Wang, F. Generation and
characterization of TMEFF2 mutant mice. Biochem. Biophys. Res. Commun. 2012, 425, 189-194.

30. Zhao, X.Y.; Liu, H.L.; Liu, B.; Willuda, J.; Siemeister, G.; Mahmoudi, M.; Dinter, H. Tomoregulin
internalization confers selective cytotoxicity of immunotoxins on prostate cancer cells. Transl.
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Oncesseat@0fr ihibeh-fOATH production,

; ; . Crucial for interaction with SHP-1
impairment of PDGF-AA induced cell . .

31.

32.

33.

JHigHiker 2ai iz, M oridahfuactiiality, BP; slanapheeidd. Al SiWalligiadn-iehiltemAln, $66, EGFSkibatamBn,
TMTHien$onerobr8up dresaivel B¢ dttsroirdProttiancolBditiEd WithaigaUpdnt8d And iodidatonliBigiutiaigs is
deqnmﬁway'al DNMEINBIL RfZBTS)@HtEdTropidhormone (ACTH) production through inhibition of corticotropin

release harmone (CRHJ) s\,i(gnallin%n %Iioma cells, neuroprotection in Alzheimer’s disease, binding with PDGF-AA
35. Sun, T.-T.; Tang, J.-Y.; Du, W.; Zhao, H.-J.; Zhao, G.; Yanlg S.-L.; Chen, H.-Y.; Hong, J.; Fang, J.-
and_indugtion’of proliferation in HEK293 cells, whereas the EGF-like domain is dispensable for all of these
Y. Bidirectional regulation between TMEFF2 and STAT3 may contribute to Helicobacter pylori-
functions. The stalk sequence (residues 303-320) is essential for ADAM17-mediated ectodomain shedding and
associated gastric carcinogenesis. Int. J. Cancer 2015, 136, 1053-1064. _ _
harbours 2 potential cleavage sites for Type Il transmembrane serine proteases (TTSPs). TTSPs like matriptase-1

I dShlpsin, EH, AlsXMMEFER; sAsddiny\Vengherddrens btalkhegiohl. PRYRBELY - pfob&ding ; ok thel é @bdmain
andl Mia&ifia gl efi@g obalto mrpabtritutes LorngrEbic TRECTIMIENE fiF afrduRdicaiios RO EYBEYA0P iHEnE on
witlCHAPGan¢REMRE sarétt 4eROadd BRIEFFO4nduced impairment of cell migration in prostate cancer.

37. Patel, K. Follistatin. Int. J. Biochem, Cell Biol. 1998, 3?, 1087-1093. . .
Turning the attention to the follistatin-like domain, follistatin was initially reported as an activin

36indiag, proteie, X. tFderydpihy Xodyts [2D.; Astivin; Isibr@.dflate B3LineBbEMEIFRRdStmAsfsiming
graweg fasisrsiy (AsIFe@ netarg atrfowanceingir el dasaioema. digniaiting2he248nado8dPin-releasing

FPMIRe FRER: BRUALHeRaRS L7 VaG!SS HOHRUALAAIBA STRRL IR A8 GHUATRE RIS tary-

FOlISRIA RarBHIRAIG KRNA AR B Rl Srier B- NS TOERBE Hraueh S shRict &gl kel
act&pé}ﬂo?fzﬁg&ialé_’aﬁrémiél\{vas discovered that follistatin is expressed by a number of tissues

throughout the body and binds other members of the TGF-3 family. In addition, it plays a crucial part
Wutihd<erhlolfer@tisVantadiifstathenh RiteNOLEALIng RV LANG AO &3 rhibifs sReiegs oo
imO4iRAN RS Ry CBRMARYLREICHN TR -t LM ditafiiomedabinainagother 16féthti fnodule-
coﬂt%%ﬂ@-proteins is not clear. One follistatin module-containing protein (osteonectin) has been
AENosRd (9 ; DiReh@t RnexBialze obhatalRlet ikerived sromigefrgiorand GRS arnBro@seular
enqathetislroranehfreior YEGM Bosiamarinmstegnaating st [rgrosiecb s JMMEEF2 could
bing JIREEL Yy Iresly rroiboRkendrRNERR. SRnsigaRathitey Sinmeaheedibia. liodmeptp prevent
PD&sRgys from inducing cellular proliferation in NR6 fibroblasts. Furthermore, the ability of TMEFF2
to prevent PDGF-AA-induced cellular proliferation was abolished upon deletion of its follistatin-like
Fomains Fiom LY & RS & e Bk dind SF TNIERES it PSR- AR RSBk Fo3PREE: in
thid M ing St PRI Fh U ok S R S C AN AR S QSR st SIgEefRtirocyte
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linezgeindunagCHre aifRrenf@lan62ta@f20A8BPD.GF-AA had already been shown to prevent this
Aferenifpnp il was, iypaihgsiefh i TMEEFRLAAHL ks, qldedondioae, difgreptaon by
DG, A RSN RGN (ARG Rl NP 13145,prq e wrong as Tmei2 knockout
mice did not exhibit any defects In oligodendrocyte differentiation. Also, the addition of TMEFF2 to
AheYOHEgI) - cBREAMY - HERSe3 T . CARIskoMdP h &P hevént BREROFKAR-ifdoRBEN dHosbieegeitich Aot
EReS?. Joh YheabgneseRsrinarincpioseoiad eaipiassivaies: REreIENrecwild asanaiissdhigik1/2
ph&sphealiand SHHMABIAERRINS SHSIRIBL HRbFEPRHE- ¥R SSAAMNY, OtHdMRIHiBHRPH SR dIRBRRaNt
TMEatholegYotPraiddtcogAmE®$- cultures of hippocampal and mesencephalic neurons was reported

48 eange thaie Uﬂgﬁ&tﬂpﬂ.i@.?\ﬂﬂﬁ&ﬁ%ﬁﬁﬂ%@%ﬁ?m%r{ﬁz, L.A.; Merino, V.F.; Teo, W.W.; Zhang,
Z.; Huang, P.; Visvananthan, K.; et al. Genome-wide methylation analysis identifies genes specific
S S e A ORe e RBStEt LA L ARG DAYSCUTIETRCe PEERTS: Ra3°%0R1"G FoRTEo" of
ger’t)ez%)xp.ression in uterine corpus endometrial carcinoma), Gao et al. 8 suggested TMEFF2 to be involved in a
diversity of functions; the notable ones include metabolism, embryonic development, cytoskeletal binding,
A8 REIIRL Mathix bRREAT BURANERInZbindMP HSRtHE intERRt¥A \B RN oR:mERRB T ith \BRMARAERRAY Kvide-
rangPi§ 'sighafiFgaphivayangeCre srild NO Vel dnethyrieehbigharkarae d e vetHREASSRB IO 198igEhog,
MABIKCHIRII PR IR ENAD S igRIASEANIC A saSioeRNGahCRigahdr@te L8kt tHé 1 BHRY2MEREF2 function is

4P RO EURIFo RN, FEVRE, IYEISRRIVEIZROKirS THERK#AERIad REAS 1KY SAMBIIRES Cifo, 31U
CONRRGNE i Dot T B FEAHESRERhEhNEMSET AXIFY BRYERPUGAFNEPHIEY R SIS P/reditigsand

ionﬁmnfbfgr’n@@g’esié%%df@onversely, TMEFF2 was reported to exhibit oncogenic properties in endometrial
carcinoma (EC), where its expression increased gradually through clinical stages, nodal metastasis and de-
A48 TER0% driunfdihedta MRS e J 1, VARLASH Wallcking BB AIerhERE: MOSIRdmE: aUrRle s
(1sHRALR " PADGEES MYPRnEtaYIRHop SRRt iR b Raah SN hron, SIRIGESROSH RO P At
patﬁvza)?sgjgr?’oo%bwnregulation of the signature proteins of epithelial to mesenchymal transition (EMT). The
49e@aniskn Mhishidéfraidariven Bihdities oDMRPBundda3KtARakatiehis TenSimvapudened Simdads, 7. et
al. PrefmkplicEdd ; TMRRER JIDth ujeseloamEnteofatirliNRsistthgdationvagsociatedrinatsatioglofits Ggitive
regrédtitacby reelo MYRMG  RINR UNPEAxiid FHZEAS hunmaiR ¢@AcersT BERF2Tancer 2005, 93,

1029-1037.
On the other hand, when compared to adjacent normal tissue, TMEFF2 mRNA was downregulated in pancreatic

ch)an%gra P)%’ p%tieznt[]s%%t' 'a.inLcj’a‘Jri;irIT\}grslél 'é(yrye ngd)rllz Wg\s/ecjbsYéiv%H’b‘]e'ﬁNzegﬁ%l%#Jz inoTéinzmaﬁla%cyée;{iQecancer
tissIPRTHGAUR AP BEG TG MG MAton RRUGINS, AGHeS RIS ShLGANEEES S PNE 2 Xt and
Par?cqlgaon%(rselatic cancer cells (i) impairs cell proliferation both in vitro and in vivo (xenograft), (ii) decreases their
Shvaashaw, Nigrateiiotapa:Ces Witlia i, devenregriatbsiriaMD . Moniilts, (Baleindaliess, gh@radetistssnyere
attrlpfitedste fuppieshiom ¢ uhean38tdiAS o sma bt ipethaay GG METE? MéthysatiynatfcGeaesd that the

explenplfedeé dvier3pteseiora b CEMEEF- T edieesdmhickpimiol|aBromARAR ek F20E4 48] ERB5A-bEINASPCL and

Pancl cells. The onco-supR/rIessive role of TMEFF2 in pancreatic cancer was also observed by Li et al. 49 (the
52. Wynter, C.V.; Walsh, M.D.; ng_lrJChI, T.; Legﬁett, B.A,; Young, J.; Jass, J.R. Methylation patterns
stu%y reports positive regulation of TMEFF2 by TINC01963, LINC 1963 — miR-641 — TMEFF2). Fan et al.
efine two types of hyperplastic p0||¥|9 associated with colorectal cancer. Gut 2004, 53,'573-580.
(41 presented similar findings, where TMEFF2 overexpression led to an increase in apoptosis and a decrease in

SsollekafvasbbliTigrhiiearukavNiomidpatimes & .thahiggaissr, ddi IReddywol.; Suzuki, M.; Miyajima, K.;
Zhou, X.; Bekele, B.N.; Gazdar, A.F.; et al. Aberrant promoter hypermethylation of multiple genes
in gallbladder carcinoma and chronic cholecystitis. Clin. Cancer Res. 2004, 10, 6126—6133.
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Sdkéiss), riot; ditengysFTVERFE, Xxpasivn ldowhrddalat¥d Ghglionla Hineatftens of AINAEFsmietdrgaidwiin
incésingmyrastagedanwdrseniviyareaitcemewtolesy Bellinesaimet! carcinoma-GpmessiBiomiarks 201HEF2,
LakEdy 20a-Bl2ported that TMEFF2 protein levels decreased in cotricotropinomas. TMEFF2 overexpression also

S AT ST RRLICE 51 ATRD Rty PV Sl S0 lgBiee, PRI B, st
O o AR Ah O B o Ty BB TR e ety R P At OB R3S Opageal At cardime e

the apd'gﬂ%%g)r% iﬁg %défaﬂ?{:‘o\ﬁt.i%gﬁ igr%wg’nilﬁcgd—g_i?lrfsponse to CRH (corticotropin releasing hormone)

stimulation in AtT20 glioma cells; this action was demonstrated to be the result of TMEFF2-imparted action at
SAuldfElinicelaosh ANHRENMHARE! RdbbHCIIFRS He: EBRIAG0 GAMEIR: IneKiEaXERIS - RAHMaEA
trafSmERbHRENdohbisHWe Figaetlde Rifte: @IRISHH mdahbs uRlpidydB iR eted RRAGSCAMC ability of

TMmBISESIE PR oL AR Qiletitissuerdiagarkers in the prediction of histologic progression of
Barrett’'s oesophagus: A multi-centre prospective cohort study. EBioMedicine 2020, 56, 102765.

. . - - [z]. -
P UAISTESIE S FMER2 VR IERTIOUSISe WERGES oSt 2 SoTMETE? S e
MO AR SISO AR L AR AR Lomelts AR Rl of Abo

Amglgg:lﬁ% C;g%leril% r%’:@ Eegha riggge.sz%%,aé@’llgig?)t}b_rg% fﬁd causes amyloid plague formation, which is a

hallmark of Alzheimer’s disease. Amyloid-3 protein is derived from proteolytic processing of the amyloid-f3 protein
SftesizbkildRPIOYR QiR RINMSHIHFKREnTY;; hj@RiRSedih: MisaiimaakoudakahRghhsisniRaiN¥aked
amyi6ipAlgomBis aNRy) T-1RasE2 MihdiRlh A=A BRI fnisaethyiatign srefile @By man-galignatly bind the
preBIESHREBPAAS AR AL I RIPAS IR dasDHHh RN RRE698HE1RA0RIR e LRRR=HAR-mouse brain.
SrRHIBIBINS "VABid, B TareitesEsalPEatipiee InGlenriitier U oRPRASYS @ankicd Anangyona
accRMy|afiph, BEreiQlf, WIASEUNIVR INGEHRPIAEHY RN aRhIEs BB tinteStin SRFHEIRD e pEREFF2
IMMAEFHEEEs Ware RNARRHYRL plcifitlAb¥Rantly A9 Riadiasr figt Qe FRIgRIRLEH PO, the
ne%@?fﬁﬁ@?ﬁ?tfﬂ&ffMME&&QWSZMWF%?—%We result of its neurotropic actions. MC65 neuroblastoma

cell immunofluorescence showed TMEFF2 as a granular cytoplasmic appearance, suggesting its rapid

BQreSiRsh R ARV N GaSER v AR AsmNAARY B KWL - My QR SR WInKEl Msttive role of

TMEII_e,'g}emann, V.; Stieber, P.; Graeven, U.; et al. Methylated free-circulating HPP1 DNA is an early
response marker in patients with metastatic colorectal cancer. Int. J. Cancer 2017, 140, 2134—

2144, . .
| 6. TMEFF2 Promoter Methylation in Cancer
61. Wang, J.; Elahi, A.; Ajidahun, A.; Clark, W.; Hernandez, J.; Achille, A.; Hao, J.H.; Seto, E.;

TMBhitzatardouishe dpieriglaydietivegohisto neydeasptylaiagsramd-65d ye 1 the fteam sezipgioBlalvoung et al.
10 pippersivalpdisi RPdaledcohan sardewdSanqeeRial. hhes/R0 $dmpes1iboBerh2 fmucosa but only 7/30
62 B SEIE T Bin. OE, T ilieYs, &2 WebBeL IR VB, ARBGS:, S LR R-RRY 122
COINERR A28 Rrar 315 R A A L R I A P Sadde e R ey &R 8 e hane: mere
thag;gRatuPe ts Proghatit BR PeDrrarce skin prosthte Tantsr BME CSREAT3D f5018! /75 yperplastic
polyps on 49 CpG sites spanning HPP1 5-UTR and the first exon. A significant inverse correlation was also
GhRHRlE RiMecF ti0atVEls & HPPIbaMKIM nldpyIARROsRE AR KerpiagATRdeen addahtdRmeht of
LoVdopc fells Neurgsei 1 #8h7 adidnocarcinoma cells with 5-aza-2-deoxycytidine (a DNA methyltransferase
eANRQiAR PRV B PSFHRHNGS VesiRsrey, infliopiier, that BER-BRUYIITOREHNES. hadyhRiisyas the main
ConfiiBdIgiBHININAIBACEBHTSTS BrRYSHALER erE Ik rd S&ErVRSNRARAIRENERYY. RfshvEEaH in ©

outngo’lla, q¢Jodinggpiested by Liang et al. Bl and the mRNA expression was inversely correlated
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6bitiE dREFdseiDyRtioH ardsie O 1, ;LIBeonHOIarL,6CIINVI8E AAsT miatzd|cgatleinasasl Malelssiarveded

hea22) BnetBy|28—PROF (>80%) and expressed almost no TPEF mRNA; SK-Mel-28 and LNCaP cells, on the
(3]

e Ein ! TRYET RS VBREYERRA MAOH Ak R RS et e FEmu T Sakamoto, S Fomioreqhia-

[43]
SRS NS ) VBT RSN S RISECT Y i coblses il s Pz
H1793, H2009 and H1703) wh|Ie its expression was remarkably reduced in cell lines where the TMEFF2 promoter

6/aBInbsliSR. ABAME1KLY-EomRAReMSds) EGRER, sianalinsandaaelrpragieday Ban WMol sCelho-
detﬁi@kt%@@sav@a§%‘0@-to significantly restore TMEFF2 mRNA expression. An important confirmation of

6B MO e KIsur IaHROMERFR. TMEEERSENS RHIBRTHINREENE TRMIeRGHile SPashiBuiupg b for
the pSefBRim A SHBYRME LAl AP BIEAB ARICRaNd iV RFER SSSRRNRSICTEBH gD AasiR RFE SIBRe
from 83 depoyrsgpg tedormgpendiag negaal figgues were found.

68 chlRipbesle RuMhb&hanginBry MieYibhs Krohepsield M dikatham rViEPEbzRel:dFon when compared
to &NRPDPSIRE HSs ROdA M EHORDNRIRY 80 ferRliREMIONRdMEGHICIACIdRRES 0L RdAedtS kR
bre R 2@EI4814TI48I491(501  prostate [BI49 Jung (8434611491 pladder 11, colon and rectal [BIEIL0I42]46]50]51][52]
Fairickibfrod spay/BficyrieppHiaypubEEs) histelwsizly/safhach/gastric LABSIRT ovarian &, multiple myeloma
(491 glioblastoma 8 and mesothelioma (8. Several studies [BIEILAM2M43IEE6] gmeng these are indicative of a

direct correlation between TMEFF2 mRNA downregulation and its promoter methylation, and some also reported

promoter methylation to be related to the stages, response to therapy and survival outcomes of the corresponding
cancers [El[45][46][49][57]

In breast cancer, TMEFF2 promoter methylation increases progressively along the potential developmental path of
invasive ductal carcinoma (IDC) from the preinvasive lesions like flat epithelial atypia (FEA), atypical ductal
hyperplasia (ADH) and ductal carcinoma in situ (DCIS) #2481 Similarly, Young et al. 19 reported HPP1 to be
differentially hypermethylated in 84% of colon carcinomas, 66% of adenomas and 63% of premalignant
hyperplastic polyps, again showing a progressive methylation profile during colorectal cancer progression 29, In
the case of ulcerative colitis-associated colorectal cancer, TMEFF2 methylation was observed in 40% of dysplasia
and 50% of carcinomas, but no methylation was detected in the non-neoplastic mucosae “2. Sun et al. 3
presented similar findings in gastric cancer where TMEFF2 was notably expressed in 44.6% of normal gastric
epithelium, 29.2% of intestinal metaplasia, 18.5% of dysplasia and 7.7% of gastric cancer. The group established
an inverse correlation between TMEFF2 expression and its promoter methylation along the progression stages of
gastric cancer and an association between low TMEFF2 expression and poor survival B8 Together, these

observations point towards a TMEFF2 onco-suppressive role.

Another interesting observation by Park et al. 47 is that TMEFF2 methylation was higher in the normal tissue
surrounding invasive breast cancer tissue from cancer patients as compared to the normal tissue from noncancer
patients. Similarly, Sabbioni et al. B9 reported that TMEFF2 was methylated not only in colorectal cancer and the
premalignant lesions but also in the tissue from the area around the premalignant lesions (adenomas). In a small
cohort of 110 tumours and 21 normal breast tissue samples, the TMEFF2 promoter was found to be
hypermethylated in recurrent breast cancer compared to non-recurrent cancer (and normal breast tissue) 2. In a

subsequent study 48, Saraswati Sukumar’s group proposed TMEFF2 methylation as a biomarker for the diagnosis
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of breast cancer in patients’ serum; TMEFF2 was found to be among the top 10 out of 2674 genes differentially
hypermethylated in the serum of breast cancer patients when compared to the sera from the healthy individuals. In
colorectal cancer, Sabbioni et al. B2 proposed the detection of methylated TMEFF2 in blood as a diagnostic
marker to identify patients with advanced colorectal cancer as well as with early tumorous lesions. Similarly, Herbst
et al. 89 demonstrated the presence of methylated free-circulating DNA (mfcDNA) of HPP1 as a prognostic
marker, not only for the overall survival of the metastatic colorectal cancer (MCRC) patients but also as an early
marker for the response of mMCRC patients to combination therapy with fluoropyrimidine, oxaliplatin and
bevacizumab. These studies clearly indicate TMEFF2 methylation and subsequent silencing as early events during

the development of breast and colorectal cancers.

The epigenetic silencing of TMEFF2 is not limited to its promoter methylation. Wang et al. 61 demonstrated
restoration of HPP1 expression in HCT-116 and DLD-1 colorectal cell lines upon inhibition and knockdown of
histone deacetylase (HDAC). The HPP1 promoter region harbours an E-box that is recognized by cMYC (a known
repressor of HPP1). Wang et al. [81] demonstrated that cMYC and HDAC3 colocalize at the HPP1 promoter region

and proposed a model where cMY C recruits HDAC3 to silence HPP1 expression in colorectal cancer cells.

| 7. TMEFF2 in Prostate Cancer

A substantial proportion of TMEFF2 literature focuses on its role in prostate cancer. Such studies greatly enhance
the knowledge on TMEFF2, but at the same time, they impart perplexity about its function, the oncogenic vs. onco-
suppressive nature of TMEFF2, the range of tissue expression as well as the possibility of TMEFF2 being a

biomarker and/or a therapeutic target.

Numerous studies regarding the role of TMEFF2 in prostate cancer revolve around its progression from the
androgen-dependent to androgen-independent stages. As mentioned earlier, Glynne-Jones et al.
(212 jdentified TENB2 while studying the differential gene expression between androgen-dependent and androgen-
independent prostate cancer xenograft models. In addition, they also reported that TMEFF2 expression was
markedly increased in prostate carcinoma vs. benign prostate hyperplasia and that its mMRNA levels increased in
higher-grade prostate cancers. These findings point towards an oncogenic role of TMEFF2 in prostate cancer.
Such an inference is reinforced by several subsequent studies: for example, Afar et al. 22 reported that both
protein and mRNA levels of TMEFF2 increased significantly in prostate cancer compared to normal tissue. The
authors also developed an antibody-drug conjugate (ADC) named Prl-vcMMAE. Compared to the control ADC,
Pri1-vcMMAE effectively reduced the tumour size in LNCap prostate cancer xenografts with minimal toxicity. The
humanized version of ADC, hPrl-vcMMAE, gave similar results when used against the CWR22 prostate cancer
xenografts. In what appears to be a follow-up study, Zhao et al. 22 used 2H8 tomoregulin mAb (developed by
Uchida et al. [24]) radiolabelled with the B-emitting isotope °0Y and reported a significant size-reduction in the
LNCaP xenografts (compared to radiolabelled IgG1). A substantial upregulation of tomoregulin mRNA and protein
in prostate cancer tissue was also reported in this study. The injection of TMEFF2 mAb on its own did not have any
effect on xenografts, and there was neither a difference in proliferation reported in the tomoregulin-stable PC3

prostate cancer cells nor any difference observed in the proliferation of LNCap or PC3 cells when the extracellular
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domain of tomoregulin was added to the cell cultures. Similarly, Zhao et al. 2% complexed the TMEFF2 mAb (2H8)
with a goat anti-mouse IgG antibody linked to the saporin toxin (Mab-ZAP). When added to TMEFF2-
overexpressing PC3 prostate cancer cells (TMEFF2-PC3), Mab-ZAP induced a 50% reduction in the proliferation
of TMEFF2-PC3 cells while the native PC3 cells remained unaffected. Again, TMEFF2-stable PC3 cells showed no
difference in cell proliferation compared to the control PC3 cells. These studies point towards TMEFF2 exhibiting
oncogenic properties in prostate cancer, with higher expression in prostate cancer vs. normal prostate and further
upregulation upon development of androgen independence. Moreover, ectopic overexpression of TMEFF2 had no

detrimental effect whatsoever on the proliferation of prostate cancer cells in culture or in xenografts.

However, other studies point towards an altogether opposite function. Gery et al. 24 reported that TMEFF2 was
expressed in androgen-dependent LNCap cells but not in the androgen-independent DU145 and PC3 prostate
cancer cells. Moreover, reduced TMEFF2 mRNA levels were observed in the androgen-independent prostate
cancer xenograft models (LAPC9-Al, LAPC3-Al and LAPC4-Al) when compared to their androgen-dependent
counterparts. Also, upon treatment of LNCaP cells with dihydrotestosterone (DHT), TMEFF2 expression increased
in both time and dose-dependent manners. In addition, when an androgen-dependent prostate cancer xenograft
model, CWR22, was propagated in castrated male mice and TMEFF2 expression vanished. Importantly, when
TMEFF2 was ectopically expressed in DU145 and PC3 cells, it impaired their proliferation significantly; although
TMEFF2 was upregulated by androgens, it exhibited antiproliferative effects in prostate cancer. Chen et al. [
reported the steady state levels and the responsiveness of androgen receptors (AR) to have a direct correlation
with TMEFF2 (mRNA and protein) expression in the xenograft derived from LNCap cells. Further corroboration of
the onco-suppressive role of TMEFF2 in prostate cancer comes from the work of Georgescu et al. [2 who
reported a positive correlation between high expression levels of TMEFF2 mRNA and recurrence-free survival of
prostate cancer patients. The study identified a set of 11 genes downregulated by TMEFF2 and designated them
as TMCC11 (TMEFF2 modulated cell cycle 11). The native expression levels of TMCC11 increased upon
treatment of LNCap cells with DHT, and endogenous TMEFF2 attenuated the DHT-driven upregulation of TMCC11,
thus hampering the pro-growth effects of DHT in these cells. The study establishes high TMCC11 expression as a
strong predictor of prostate cancer progression and recurrence, where C-statistics of the TMCC11 signature were

reported to outperform the Gleason and pathological scores in one of the four datasets tested (62,

It is indeed intriguing to notice numerous prostate cancer studies reporting opposing data regarding the relation of
TMEFF2 to androgens and its onco-suppressive versus potentially oncogenic role. A study by Mohler et al.
(18] could offer an explanation for the former. In this study, the CWR22 androgen-dependent xenograft was
implanted in the male host. After propagating the xenograft in male mice, the host was castrated, and the xenograft
was left in the castrated host for 5 months (in order to find genes involved in the reoccurrence of prostate cancer).
Eventually, an androgen-independent phenotype emerged which showed foci of highly proliferating cells. As
expected, TMEFF2 was observed to be downregulated upon castration of the hosts. However,
both TMEFF2 mRNA and protein were upregulated in the androgen-independent CWR22 xenograft. Importantly,
when two subsets of mice were treated with testosterone propionate at 6 and 20 days after castration, TMEFF2
was found upregulated upon androgen treatment. In conclusion, for these authors, TMEFF2 is an androgen-

regulated gene and its expression was abolished upon cessation of androgens, but it reappeared with even higher
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intensity in androgen-independent recurrent prostate cancer. This could, in part, offer an explanation for the
apparent discrepancies in the TMEFF2 expression levels upon development of androgen independence in prostate
cancer xenograft models. However, the marked expression of TMEFF2 in androgen-dependent LNCap cells and its
absence in the androgen-independent DU145 and PC3 prostate cancer cells as well as the absence of TMEFF2

expression in the primary culture of human normal prostatic epithelial (PrEC) cells remain intriguing 22!,

The conflicting oncogenic versus onco-suppressive role of TMEFF2 in prostate cancer literature is more complex to
untangle. We will discuss some relevant studies and provide some possible explanations for these disagreements.
The first study originates from Maria Ruiz-Echevarria’s group regarding the role of upstream open reading frames
(UORFS) in the leader region of TMEFF2 mRNA 21, The uORFs are short open reading frames present upstream
of the translation initiation sites in 5-10% of cellular mRNAs. uORFs can modulate the translation of mMRNAs by
hampering the translation of downstream coding regions, and more intriguingly, under cellular stress conditions,
they can promote translation of the coding region. Under cellular stress, phosphorylation of eukaryotic translation
initiation factor 2 (elF2a) leads to a decrease in global translation, although the translation of certain genes
(containing UORFs in their mRNA), such as ATF4 (activating transcription factor 4), which is capable of initiating
both pro-growth and pro-death signals 63 is enhanced 4. TMEFF2, as ATF4 mRNA, contains multiple UORFs.
Echevarria’s group 21l established Gaussia luciferase (GLuc) constructs where TMEFF2 5'-uORFs were deleted
one by one and placed under a cytomegalovirus (CMV) promoter. In both the androgen-dependent 22Rv1 prostate
cancer cells and the androgen-independent PC3 cells, the removal of all four uUORFs enhanced the translation
of TMEFF2 mRNA; however, when DHT was added to the 22Rv1 cell culture, a concentration-dependent increase
in luciferase activity was only observed in the construct harbouring all four uORFs. Thus, although the uORFs
in TMEFF2 mRNA hampered the basal transcription of the gene, they were necessary for the androgen-dependent
upregulation of TMEFF2. These authors also reported an enhanced elF2a-dependent translation of TMEFF2 upon
treatment with thapsigargin, a drug used to induce ER stress. This suggests that TMEFF2 is a stress-induced
gene. There is a reasonable likelihood that, similar to other stress-related proteins, TMEFF2 could function as both
an adaptive and apoptotic protein, which in turn would depend upon its expression level and/or posttranslational
processing. The growth promoting vs. growth retarding effects of TMEFF2 in prostate cancer cell lines could

therefore be decided by the degree of its expression and posttranslational modification state.

Vera Knauper’s group [ actively searched for answers to the discrepancies between the oncogenic versus onco-
suppressive roles of TMEFF2 in prostate cancer. The group specializes in investigating a family of membrane-
bound and secreted metalloproteases known as ADAMs (a disintegrin and metalloprotease). One of the many
functions of ADAMs is protein ectodomain shedding, a phenomenon where extracellular portions of membrane
proteins are cleaved off by proteases and released into the surrounding ECM (or blood). In the case of the
membrane bound ligands, chemokines and cytokines, ectodomain shedding leads to the release of the ligand from
the cell surface, enabling them to interact with receptors in endocrine, autocrine or paracrine manners. A prime
example of this phenomenon is the well-documented ectodomain shedding of the TNFa ligand by ADAM17 (63,
Owing to the previously reported ectodomain shedding of TMEFF2 upon treatment of A172 glioma cells with TNFa
and interleukin-1 881, Knauper’s group investigated TMEFF2 as a substrate of ADAM proteases. Upon treatment of
TMEFF2-stable HEK293T cells with phorbol ester a (PMA), the TMEFF2 ectodomain was released into the

https://encyclopedia.pub/entry/6636 18/21



TMEFF2 | Encyclopedia.pub

conditioned media. Moreover, the PMA-induced ectodomain shedding of TMEFF2 was either reduced or abolished
upon inhibition of ADAM17. Importantly, TMEFF2 was shown to increase the proliferation of HEK293T cells both
through overexpression and through the addition of soluble TMEFF2 ectodomain in the media. However, the
simultaneous addition of ADAM17 inhibitor (TAP-1) and TMEFF2 overexpression reversed this increase in
HEK293T cells proliferation, that is, the pro-proliferative effect of TMEFF2 was exclusive to its shed ectodomain.
Ectodomain shedding can sometimes lead to activation of receptors through a phenomenon known as regulated
intramembrane proteolysis (RIP). Here, after cleavage of the ectodomain, the remaining stub is cleaved within the
membrane through an intramembrane-cleaving protease. The resulting fragment thus generated participates in
subsequent signalling. Upon intramembrane cleavage of the Notch receptor, for example, the liberated intracellular
domain is capable of entering the nucleus and regulating the specific target genes 7. Another important finding in
this B and a subsequent study by Knauper's group X2 was the phenomenon of processing the remaining
membrane bound stub of TMEFF2 after its ectodomain was shed. TMEFF2 was demonstrated to be a substrate of
several proteinases including y-secretases, matriptase-1, matripase-2 and hepsin, with each enzyme being able to
shed the TMEFF2 ectodomain (sometimes through combined sequential action) and, notably, cleaving the
remaining membrane bound stub into specific fragments, distinct for each enzyme. Moreover, it was proposed that
the fragments produced through the action of various proteases would function differently. The authors suggested it
as a mechanism which would decide the oncogenic versus onco-suppressive activities of TMEFF2 depending on
the enzymes available to process TMEFF2, which in turn would vary according to the cell type and/or the cellular

and tissue microenvironment.

Ruiz-Echevarria’s group reported similar findings where overexpression of the full-length TMEFF2 impaired
proliferation of HEK293T cells, sensitised the HEK293T cells for apoptosis by staurosporine and reduced colony
formation in soft agar by approximately 5 fold L. In contrast, when only the TMEFF2 ectodomain was added to
media of HEK293T cells and RWPEL prostate cancer cells, it led to an increase in cell proliferation. Therefore, the
intracellular domain would be necessary for onco-suppressive effects, whilst the shed extracellular domain would
be a ligand enhancing cell growth. In addition, the overexpression of full-length TMEFF2-MYC-HIS in HEK293T
cells was reported to bind and enhance the activity of sarcosine dehydrogenase (SRDH). Furthermore, a
doxycycline-inducible TMEFF2-RWPE1 cell line was generated, and upon co-treatment with sarcosine and
doxycycline, TMEFF2 reversed the cell migration enhancement effect of sarcosine. In a related study 29, Ruiz-
Echevarria's group observed that the TMEFF2-induced reduction in cell migration was not merely due to a
decrease in the intracellular sarcosine concentration by enhanced SRDH but rather the metabolism of sarcosine
was the key factor in this process, more specifically the one-carbon metabolism. One-carbon metabolism
comprises a group of chemical reactions where one carbon group is transferred from one metabolite to another.
During this process, a carbon carrier is needed, tetrahydrofolate being the most common one. Sarcosine and
dimethylglycine are two of the main one-carbon donors in one-carbon metabolism pathways. When the antifolate
drug methotrexate (MTX) was used, it abolished the increase in cell migration induced by TMEFF2 knockdown 29,
TMEFF2 knockdown also reduced the mRNA levels of dimethylglycine dehydrogenase (DMGH) and glycine

decarboxylase (GLDC), which are important contributors to one-carbon metabolism.

https://encyclopedia.pub/entry/6636 19/21



TMEFF2 | Encyclopedia.pub

Chen et al. 22 placed their emphasis on the role of potential GPCR signalling motif in the C-terminal portion of
TMEFF2 as the putative deciding factor behind its onco-suppressive function in prostate cancer. The group cloned
a deletion mutant lacking 13 consecutive basic-rich amino acids in the C-terminus of the protein (TMEFF2_AGA)
and compared it to the full-length FL_TMEFF2. The overexpression of FL_ TMEFF2 in RWE2 prostate cancer cells
(i) reduced the expression of integrins av, 1 and (3; (ii) inhibited RAS homologue family member A (RHOA)
activation; (iii) impaired phosphorylation of the focal adhesion kinase (FAK); and (iv) promoted cell rounding, thus
preventing lamellipodia protrusions leading to decreased migration of cells. On the other hand, the overexpression
of TMEFF2_AGA failed to accomplish any of the above.

| 8. TMEFF2 in Gastric and Colorectal Cancers

Further corroborating evidence on the onco-suppressive role of TMEFF2 came from studies in gastric and
colorectal cancers. As mentioned earlier, Sun et al. B8 reported significant downregulation of TMEFF2 through
various stages of gastric cancer, which directly correlated with its promoter methylation and worse patient survival.
This study identified five TMEFF2 interacting proteins in AGS gastric cancer cells, including tyrosine-protein
phosphatase non-receptor type 6 (SHP1), Ras GTPase-activating protein-binding protein 1 (G3BP1),
heterogeneous nuclear ribonucleoprotein K (HNRPK), splicing factor 1 and ubiquitin carboxyl-terminal hydrolase 4
(USP4). The interaction of TMEFF2 with SHP1 in AGS and MKN45 gastric cancer cells resulted in cell cycle arrest,
induction of apoptosis and a decrease in cell proliferation both in vitro and in vivo (xenograft models). This
interaction between TMEFF2 and SHP1 was abolished upon deletion of the TMEFF2 intracellular domain.
Moreover, no mutations were found in the TMEFF2 intracellular domain in gastric cancer patients (TGCA data).
These findings corroborate the previously mentioned importance of the TMEFF2 intracellular domain as well as the
fact that promoter methylation rather than mutation is the primary cause of TMEFF2 loss of function. The
investigators also proposed that TMEFF2 had a role in maintaining genomic integrity as TMEFF2 knockdown in
GES-1 gastric cancer cells led to an increase in DNA damage. DNA damage-related genes were found to be

enriched in TMEFF2 overexpressing AGS cells and gastric tumours with high TMEFF2 expression levels.

In a later study (23], the same research group investigated the role of TMEFF2 in Helicobacter pylori-induced gastric
cancer development using cell cultures, mouse models and human gastric tissue pathology. H. pylori infection
resulted in both upregulation and phosphorylation (activation) of STAT3, which repressed TMEFF2 expression after
binding to its promoter. On the other hand, TMEFF2 overexpression decreased STAT3 phosphorylation in AGS
gastric cancer cells both in culture and in xenografts (TMEFF2 overexpression also resulted in a dramatic decrease
in the tumour size). TMEFF2-induced downregulation of p-STAT3 was demonstrated to be dependent on its
interaction with SHP1.

Further evidence for the involvement of STATs in TMEFF2 function came from David Shibata’s group. Firstly, Elahi
et al. 23 reported that TMEFF2 induced apoptosis in HCT-116 colorectal cancer cells and reduced their
proliferation through activation of the STAT1 pathway. Interestingly, when TMEFF2-stable HCT-116 colorectal cells
were subjected to microarray analysis, 18 of the 42 upregulated genes were found to be interferon inducible. These

interferon-inducible genes exhibited the highest fold change among the list of upregulated genes. The treatment of
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HCT-116 cells with STAT1 siRNA reversed TMEFF2-induced reduction of proliferation both on 2D and 3D cultures.
In a subsequent study by the same group 24, it was reported that the TMEFF2 overexpression in HCT-116 cells
led to upregulation of genes with both GAS and ISRE harbouring promoters (GAS to a higher degree than ISRE).
Additionally, phosphorylation and subsequent nuclear localization of both STAT1 and STAT2 were observed in
stably transfected TMEFF2 overexpressing HCT-116 cells. STAT phosphorylation is mediated by four kinases of
the Janus family (JAK1, JAK2, JAK3 and TYK2), and TMEFF2 overexpression resulted in the upregulation of JAK1
and JAK2 but not the other two kinases. The HCT-116 cell line is resistant to interferon therapy (like several other
cancers), and an interesting observation from this study 24 was that TMEFF2 overexpression marginally sensitized
HCT-116 cells to INF-a but not INF-y. In their latest study 8 David Shibata’s group observed the onco-
suppressive and STAT1-inducing actions of TMEFF2 in HCT-116 cells to be dependent upon its proteolytic
shedding (ADAM17 was identified as TMEFF2 shedase in HCT-116 cells).

| 9. Conclusions and Future Perspectives

Despite discrepancies, the overall literature points towards a context specific role of TMEFF2 when it comes to its
oncogenic versus onco-suppressive function, with the latter predominating the former. Nevertheless, two factors
should be taken into consideration while studying TMEFF2. Firstly, although functional, the expression levels of
TMEFF2 in the majority of tissues and cell lines are very low. Even in prostate tissue where TMEFF2 is highly
expressed, the inter- and intra-tissue variability is very high both in normal and cancerous tissue 22182, This aspect
could affect the interpretation of data where the expression levels of TMEFF2 are assayed in tissue samples.
Secondly, when it comes to studies involving cell lines, the cumulative evidence suggests that the extent and
duration of experimental overexpression/knockdown could have significant effects on the outcome of these
experiments. Similarly, for better consistency and reproducibility, cell culture and related transfection/transduction

conditions should be factored in while interpreting the results of both past and future studies.

Two aspects of the posttranslational processing of TMEFF2 remain largely unexplored and are of interest in future
studies. The first one is the phosphorylation of TMEFF2. Initial identification and characterization studies predicted
one potential phosphorylation site on TMEFF2 just preceding the EGF-like domain 12, However, the
PhosphoSitePlus® (PSP) database 82 reveals eight potential phosphorylation sites in TMEFF2 (Y202, T231, Y309,
Y319, T358, Y361, S362 and S363). Differential phosphorylation could indeed have an impact on TMEFF2
function, especially under stress conditions. The second aspect of TMEFF2 posttranslational modification which
remains to be investigated is its glycosylation. As the protein has both O-linked glycosaminoglycans and N-linked

glycans attached, it could very well be possible that differential glycosylation of TMEFF2 affects its function.

In conclusion, TMEFF2 is methylated in several cancers and could potentially be used as both a prognostic and a
diagnostic marker. TMEFF2 is expressed in many tissues, the highest levels being observed in brain and prostate.
The oncogenic vs. onco-suppressive function of TEMFF2 is decided by numerous factors including cell type,
expression level, proteolytic processing and posttranslational modification state. Thus, TMEFF2 is an intriguing

protein with multifaceted functions, the physiological role of which remains to be elucidated.
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