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Abstract

BACKGROUND—The transmembrane protein with epidermal growth factor and two follistatin
motifs, TMEFF2, has been implicated in prostate cancer but its role in this disease is unclear. We
recently demonstrated that the tumor suppressor role of TMEFF2 correlates, in part, with its
ability to interact with sarcosine dehydrogenase (SARDH) and modulate sarcosine level. TMEFF2
overexpression inhibits sarcosine-induced invasion. Here, we further characterize the functional
interaction between TMEFF2 and SARDH and their link with one-carbon (1-C) metabolism and
invasion.

METHODS—RNA interference was used to study the effect of SARDH and/or TMEFF2
knockdown (KD) in invasion, evaluated using Boyden chambers. The dependence of invasion on
1-C metabolism was determined by examining sensitivity to methotrexate. Real-time PCR and
western blot of subcellular fractions were used to study the effect of SARDH KD or TMEFF2 KD
on expression of enzymes involved in one carbon (1-C) metabolism and on TMEFF2 expression
and localization. Protein interactions were analyzed by mass-spectrometry. Cell viability and
proliferation were measured by cell counting and MTT analysis.

RESULTS—While knocking down SARDH affects TMEFF2 subcellular localization, this effect
is not responsible for the increased invasion observed in SARDH KD cells. Importantly, SARDH
and/or TMEFF2 KD promote increased cellular invasion, sensitize the cell to methotrexate, render
the cell resistant to invasion induced by sarcosine, a metabolite from the folate-mediated 1-C
metabolism pathway, and affect the expression level of enzymes involved in that pathway.

CONCLUSIONS—Our findings define a role for TMEFF2 and the folate-mediated 1-C
metabolism pathway in modulating cellular invasion.
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INTRODUCTION

Cancer cells exhibit an altered metabolism that significantly differs from the metabolism of
non-transformed cells. This metabolic reprogramming effect changes the uptake and use of
nutrients that allow the cancer cell to maintain high rates of proliferation, growth and
survival. Interest in tumor metabolism has increased in recent years as a number of reports
have demonstrated that tumor suppressors and oncogenes regulate metabolism and that
mutations in metabolic enzymes promote or suppress tumorigenesis [1, 2].

One carbon (1-C) 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-tetrahydrofolate (THF) form as a methyl donor
in the remethylation of homocysteine to methionine, which is then converted to S-
adenosylmethionine (SAM), the universal methyl donor [3]. Although a definite link has not
been established, evidence suggests a role for 1-C metabolism in tumorigenesis: i) variations
in 1-C metabolism genes have been associated with risk of a number of cancers [4-9], ii)
deregulation of protein methyltransferases, in charge of posttranslational methylation, has
frequently been implicated in cancers [10-14], and iii) changes in DNA methylation patterns
are associated with neoplasia [15-18]. In fact, a number of tumor types demonstrate a
pattern of global DNA hypomethylation and gene-specific hypermethylation [19-21]. Other
findings also support a role for 1-C metabolism in cancer. Recent data demonstrate that
glycine decarboxylase (GLDC), an enzyme involved in the glycine/serine pathway, is
overexpressed in lung and several other types of tumors [22]. Serine and glycine are two of
the main 1-C donors and recent reports demonstrated that serine and glycine synthesis have
a role in tumor cell proliferation [23-25]. In fact, overexpression of several other enzymes
of the glycine/serine pathway can induce cellular transformation [22]. These data suggest
that increased flux through the 1-C-metabolism interrelated pathways contributes to
oncogenesis.

Sarcosine and dimethylglycine, the other two main 1-C donors, have also been associated
with tumorigenesis, specifically with prostate cancer [26, 27]. Dimethylglycine is formed
from betaine in a reaction catalyzed by betaine homocysteine methyltransferase and it is
metabolized to sarcosine by the action of dimethylglycine dehydrogenase (DMGDH).
Sarcosine donates a methyl group and is metabolized into glycine in a reaction catalyzed by
SARDH. The reverse reaction is catalyzed by glycine N-methyl transferase (GNMT).
Sarcosine has been recently identified as a key metabolite that is increased in prostate cancer
and metastatic disease. Using prostate cancer cell lines, Sreekumar et al [27] demonstrated
that the enzymes involved in sarcosine metabolism act as regulators of cell invasion and
therefore as potential therapeutic targets for prostate cancer. The addition of sarcosine or
knockdown of SARDH in benign prostate epithelial cells enhances invasion. Conversely,
lowering the levels of GNMT reduces the invasiveness of DU145 cells [27]. Understanding
the role of these enzymes in prostate cancer metabolism may provide valuable information
on how prostate cancer is established and develops, and on the potential value of sarcosine
as a biomarker.

TMEFF2 is expressed in the embryo [28, 29] and selectively in the adult brain and prostate
[30-32]. A role for TMEFF2 in prostate cancer was suggested by studies indicating that
TMEFF2 expression is altered in a significant fraction of primary and metastatic prostate
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tumors [28-33] but its role in this disease is not clear. We have recently described that
TMEFF2 functions as a tumor suppressor and that this role correlates, at least in part, with
its ability to interact with SARDH and modulate the cellular levels of sarcosine [34]. Using
prostate cancer cell lines, we demonstrated that TMEFF2 overexpression in prostate
epithelial RWPE cells blocked basal and sarcosine-induced cellular invasion and this effect
was dependent on its ability to interact with SARDH and reduce cellular sarcosine levels.
These results suggest that the role of TMEFF2 in prostate cancer may be mediated by its
ability to modulate the 1-C metabolism and thus DNA synthesis and the methylation
potential of the cell. An overview of the interaction of TMEFF2 with the -C metabolism is
shown in figure 1.

The aim of this study was to further characterize the role of the TMEFF2-SARDH
interaction in tumorigenesis and in the 1-C metabolism pathway. We demonstrate that
reducing the expression of SARDH by sh_ RNA promotes localization of TMEFF2 to the
cytoskeleton and also results in increased cellular invasion. However, this effect was not
altered by simultaneously reducing the expression of TMEFF2, supporting the notion that
the effect of SARDH KD on invasion is not mediated by TMEFF2 relocalization.
Importantly, while addition of sarcosine promoted increased invasion of prostate cancer
22Rv1 parent cells, it did not affect the invasive ability of the cells expressing sh_RNAs
against TMEFF2, SARDH or both. These results indicate that sarcosine metabolism, not
merely its concentration, and thus 1-C availability mediated by the function TMEFF2 and
SARDH are responsible for the changes in invasion observed in 22Rv1 cells. Supporting
this, we found that methotrexate specifically abrogates the increased invasion of 22Rv1 cells
expressing sh_TMEFF2, further implicating the folate-mediated 1-C metabolism in the
tumor suppressor function of TMEFF2.

MATERIALS AND METHODS

Cell Culture

HEK?293T, 22Rv1, LNCaP and RWPEL cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA) and maintained in DMEM, RPMI 1640 or KSF media
(Life Technologies, Grand Island, NY). Both media were supplemented with 10% v/v FBS,
100 units/mL penicillin, 100 pg/mL streptomycin, and Amphotericin B (Life Technologies,
Grand Island, NY). pLKO.1 vector containing sShRNAs to TMEFF2, SARDH and scramble
control were obtained from Open Biosystems (Lafayette, CO) and viral stocks were
prepared using HEK293T and plasmids psPAX2 and VSV-G (Addgene, Cambridge, MA)
for viral packaging. 22Rv1 cells were transduced with each shRNA viral stock and 6 pg/mL
Polybrene (Millipore, Billerica, MA). After 48 hours, the transduced 22Rv1 cells were
stably selected with 5 pg/mL puromycin (Millipore, Billerica, MA). For siRNA Transient
Transfection ON-TARGET Plus siRNA to TMEFF2, SARDH and non-silencing control
(Dharmacon, Lafayette, CO) were transiently transfected into 22Rv1 using DharmaFECT 1
(Dharmacon, Lafayette, CO).

Quantitative RT-PCR

Total RNA was extracted with RNeasy mini kit (Qiagen, Valencia, CA) and cDNA was
synthesized with SuperScript 111 First-Strand synthesis system (Life Technologies, Grand
Island, NY). Quantitative RT-PCR (qRT-PCR) was performed using the TagMan Gene
Expression Assay (Applied Biosystems, Carlsbad, CA) on the ABI 7300 Real Time PCR
system. The following probes were used: a) TMEFF2: Hs01086906_m1 Probe:
GAACAGATTATGCAGAGAATGCTAA,; b) SARDH: Hs00990344_m1 Probe:
TTCTGCCCG AGGAGCACAGGTCATT; c) DMGDH: Hs00203638_m1 Probe:
TGAAGTTAAATAAGCCA GCAGACTT,; d) GLDC: Hs01580591_m1 Probe:
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CAGACTCGAGCCAAATATACTGGAG; e) DHFR: Hs00758822_s1 Probe:
AGGTCCTCCCGCTGCT GTCATGGTT.

Fractionation and Western Blot Analysis

22Rv1 cells were harvested and washed with phosphate buffered saline (PBS). Cells were
lysed either with RIPA buffer or RIPA buffer containing 1% Triton X-100 and Protease
inhibitor cocktail (Sigma, St. Louis, MO). After lysis, cells were centrifuged at 18,000xg for
30 minutes at 4°C and the resultant supernatant used for western analysis. For fractionation
studies, cells lysed with RIPA buffer containing 1% Triton X-100 were subjected to
centrifugation at 100,000xg for 1 hour at 4°C. The supernatant was collected for analysis
and the Triton insoluble pellet fraction was resuspended directly in 2x Laemmli Sample
Buffer (BIORAD, Hercules, CA). The ProteoExtract Subcellular Proteome Extraction Kit
(Calbiochem, Mountain View, CA) was used as an alternative method for cellular
fractionation. The proteins were separated on 10% SDS-PAGE gels and transferred to PVDF
membranes (BIORAD, Hercules, CA). The blots were blocked in 5% w/v non-fat dry milk
in PBS with 0.1% Tween 20 for 3 hours at RT with shaking. Blots were probed with either
anti-TMEFF2 (1:1000) (Abcam, Cambridge, MA) or anti--Tubulin diluted in 5% PBS-T.
Blots were probed with 1:5000 dilution of either goat anti-rabbit-lgG-HRP or goat anti-
mouse-1gG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA) in 5% PBS-T. All washes
were performed with PBS containing 0.1% Tween 20. Bands were detected using
SuperSignal West Pico Chemiluminescent substrate (Pierce, Rockford, L) and exposure to
X-ray film.

Invasion Assay

Cell invasion assays were performed in the presence of 2 ug/ml aphidicolin (Sigma, St.
Louis, MO) to prevent proliferation, using 8 micron Matrigel invasion chambers (BD
Biosciences, San Jose, CA) and 20% FBS in RPMI as a chemo-attractant. After 48 hours,
cells attached to the bottom of the membrane were fixed with 70% ethanol, stained with
0.1% crystal violet, washed and photographed. The inserts were treated with 10% acetic acid
and absorbance was measured at 562 nm. When specified, exogenous sarcosine (Sigma, St.
Louis, MO) was added to the growth media at a concentration of 100 uM and the cells
incubated for the indicated period of time. When specified, 0.5 pM methotrexate (Sigma, St.
Louis, MO) was added to the cells in the upper chamber.

Sarcosine Assay

Cells were incubated for 24 hrs in 100 uM sarcosine and lysed in Sarcosine Assay buffer
and analyzed for sarcosine levels with Sarcosine Assay Kit (BioVision, Milpitas, CA).

Immunofluorescence

Cells were plated at a density of 10,000 cells/well in a Lab-Tek 8 well chambered slide
(Nalge Nunc International; Naperville, IL) and incubated overnight in a humidified 37°C
incubator with 5% CO2. Cells were washed in PBS, fixed in 4% paraformaldehyde for 10
minutes and permeabilized with 0.1% Triton-X100 in PBS for 15 minutes. Cells were
blocked in 5% goat serum in PBS-T (0.1% Tween 20) followed by incubation with a rabbit
polyclonal anti-TMEFF2 antibody (Abcam; Cambridge, MA) diluted 1:50 in 5% goat serum
in PBS-T (0.1% Tween 20). Secondary goat anti-rabbit IgG-AF488 (Invitrogen; Carlsbad,
CA) antibody was added for 1 hr at a 1:500 dilution in 5% goat serum in PBS-T (0.1%
Tween 20) for visualization. AF594 phalloidin to visualize actin was diluted 1:50 in PBS.
Slide was preserved with Prolong Gold anti-fade mounting medium (Invitrogen; Carlsbad,
CA). Confocal microscopy was utilized for imaging using a Carl Zeiss LSM 510 system.
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Statistical Analysis

RESULTS

Data are expressed as mean £SD. Differences were analyzed using paired, two-tailed t-tests.
P values < 0.05 (*) or < 0.01 (**) were considered significant.

SARDH expression regulates TMEFF2 levels

We have recently reported a physical interaction between the TMEFF2 and SARDH
proteins that results in reduced levels of cellular sarcosine and partly correlates with the
ability of TMEFF2 to function as a tumor suppressor [34]. These results suggested that
TMEFF2, together with SARDH, may participate in metabolism of sarcosine, a key
intermediate in 1-C metabolism, and led us to propose a model by which the interaction with
TMEFF2 affects the activity of SARDH and its ability to metabolize sarcosine.

To further characterize the interaction between SARDH and TMEFF2, we determined
whether changes in SARDH levels could affect TMEFF2 expression. ShRNA to SARDH
(sh_SARDH) was utilized to stably reduce SARDH expression in 22Rv1 prostate cancer
cells, and endogenous TMEFF2 expression was analyzed by qRT-PCR and/or western blot
analysis. The results from the gRT-PCR analysis indicated that reducing expression of
SARDH in 22Rv1 cells (22Rv1/sh_SARDH) had no significant effect on the level of
TMEFF2 mRNA (Fig. 2A) while it decreased SARDH mRNA levels to 40% with respect to
the results obtained using a scramble shRNA (sh_scramble) as negative control. As
expected, ShRNA to TMEFF2 (22Rv1/sh_TMEFF2) significantly decreased TMEFF2
MRNA levels to 10-20% of the sh_scramble (22Rv1/sh_scramble). Surprisingly, protein
analysis by western blot of RIPA lysates from 22Rv1 cells expressing sh_SARDH revealed
a three to four-fold increase in the level of TMEFF2 protein (Fig. 2B). Similar results were
obtained using LNCaP cells, a prostate cancer cell line that also expresses detectable levels
of endogenous TMEFF2 (Fig. 2B). Addition of exogenous sarcosine to 22Rv1 cells, while it
promoted accumulation of intracellular sarcosine (Fig. 2C), it did not affect the amount of
TMEFF2 protein as detected by western blot analysis (Fig. 2D). This result ruled out that the
increase in TMEFF2 protein levels was due to accumulation of intracellular sarcosine levels
as a result of the SARDH knock down --SARDH catalyzes the conversion of sarcosine into
glycine and therefore reducing the levels of SARDH results in sarcosine accumulation--.
These results indicate that SARDH KD results in increased TMEFF2 protein levels by a
post-transcriptional mechanism.

Reducing SARDH levels promotes TMEFF2 localization to the cytoskeleton

The results described above indicate that the increase in TMEFF2 protein observed when
SARDH levels are low occurs post-transcriptionally. Western blot analysis of lysates from
22Rv1 cells expressing sh_ SARDH prepared in Triton X-100 containing RIPA buffer did
not show an increase in TMEFF2 protein levels (Fig. 2E) that was observed when the lysates
from the same cells were prepared in buffer lacking Triton-X100 (compare Fig. 2B and Fig.
2E), suggesting that a fraction of the TMEFF2 protein fractionates with the Triton X-100
insoluble fraction when SARDH protein levels are low. These results indicate that SARDH
KD results in localization of a fraction of TMEFF2 to the cytoskeletal compartment,
possibly affecting the stability and therefore the level of the TMEFF2 protein.

To further explore this possibility, we determined the localization of TMEFF2 in 22Rv1
cells expressing sh_SARDH, or the sh_scramble as control, using a commercially available
cellular fractionation kit. Using this assay, we obtained four consecutive cellular fractions
corresponding to the cytosolic, membrane, nuclear and cytoskeletal protein fractions and the
presence/absence of TMEFF2 was analyzed by western blot. As shown in Figure 3A, in
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lysates from cells expressing the sh_scramble, TMEFF2 was found preferentially in the
membrane and nuclear fractions however, in cells expressing the sh_SARDH, a portion of
TMEFF2 was detected in the cytoskeletal fraction (Fig. 3A). Lack of reactivity in the
previous fraction (nuclear) indicated that the TMEFF2 band detected in the cytoskeletal
fraction was not due to cross-contamination of the fractions. Similar results were obtained
when lysates were prepared in Triton X-100 containing RIPA buffer and separated into
Triton soluble and insoluble fractions. A larger proportion of TMEFF2 was recovered in the
Triton X-100 insoluble fraction when the cells expressed the sh_SARDH than from cells
expressing the scramble shRNA (Fig. 3B).

TMEFF2 interacts with actin and tubulin

The fact that reducing SARDH levels results in increased levels of TMEFF2 in the
cytoskeletal fraction suggests that TMEFF2 interacts with components of the cytoskeleton
and prompted us to test this notion. We have recently used mass spectrometry to identify
TMEFF2 affinity complexes [34]. For this purpose, freestyle 293-F cells (Invitrogen) were
stably transfected with TMEFF2-myc-his, a myc-his tagged form of TMEFF2 [34], and
TMEFF2 complexes purified using a histidine affinity column, resolved in a polyacrylamide
gel and subjected to MALDITOF/MS analysis. Binding to and elution of the TMEFF2
protein from the column was verified by western blot (See [34]). To identify specific
TMEFF2 interactors, we compared TMEFF2 and empty vector affinity eluates and chose
those bands that were mainly represented only in the TMEFF2 affinity eluates. Furthermore,
to qualify as a specific interactor, a protein had to be identified in at least two out of four
independent TMEFF2 affinity/MS analyses. B-actin was identified as a TMEFF2 interacting
protein with a total of eight peptides displaying a probability based Mowse score of 70 [35].
Additional searches provided up to 10 different peptides corresponding to B-actin (Table I).
a-tubulin was identified in three of the four analyses. A total of 10 peptides displaying a
probability based Mowse score of 69 were identified for this protein and additional searches
provided up to 11 peptides (Table II). The interaction between TMEFF2 and actin was
confirmed by immunofluorescence co-localization studies of the endogenous proteins.
22Rv1 cells were incubated with polyclonal TMEFF2 antibody and the localization of the
proteins was subsequently visualized by confocal microscopy using Alexa-Fluor 488
conjugated secondary antibody —to detect TMEFF2—and Alexa Fluor 594 Phalloidin for
actin. Cells expressing TMEFF2 exhibited fluorescence concentrated at the plasma
membrane but also in the cytoplasm in a punctate pattern. Co-localization of the proteins in
the cytoplasm was evidenced by overlapping fluorescent signals (yellow; Fig. 3C). The
interaction between TMEFF2 and a-tubulin was confirmed by co-immunoprecipitation (co-
IP) analysis (Supplemental Fig. S1).

Reducing TMEFF2 or SARDH levels have a similar and non-additive effect on cellular

invasion

SARDH KD in benign prostate epithelial RWPE1 cells results in increased endogenous
sarcosine levels with a concomitant increase in cellular invasion. Moreover, addition of
exogenous sarcosine to those cells promotes cellular invasion. These results led to propose
that increased levels of sarcosine promote invasion [27]. We examined whether SARDH KD
also promotes increased invasion of prostate cancer 22Rv1 cells by comparing the invasive
ability of 22Rv1/sh_ SARDH and of 22Rv1/sh_scramble cells. The results indicated that
reducing the levels of SARDH by shRNA increased the invasive ability of cells when
compared to the cells expressing the sh_scramble control (Fig. 4A). The invasive ability of
the 22Rv1 cells was also significantly increased when the level of TMEFF2 was reduced by
shRNA (Fig. 4A) or bicalutamide treatment (Supplementary fig. S3), a result that was
expected on the basis of the proposed tumor suppressor role of TMEFF2 [34, 36, 37]. To
rule out possible dsSRNA non-specific effects on gene expression due to activation of the
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interferon response in the cells expressing the target TMEFF2 or SARDH sh_RNAs, the
above experiments were repeated using 22Rv1 cells in which expression of TMEFF2 or
SARDH was transiently knocked down using siRNA (these cells are also stably transfected
with the scramble non target control shRNA). Similar to the results presented above, sSiRNA
to TMEFF2 or SARDH increased invasion of 22Rv1/scramble_ shRNA cells (Fig. 4B). The
invasion experiments were conducted in the presence of aphidicolin to prevent proliferation;
however, while we previously observed that TMEFF2 overexpression affects growth of
HEK293T cells [34], using MTT assays we have determined that silencing TMEFF2 or
SARDH in 22Rv1 cells does not have a significant effect on cell proliferation (Supplemental
Fig. S2).

Since SARDH KD in 22Rv1 cells promoted the localization of a fraction of TMEFF2
protein to the cytoskeletal compartment, it was possible that the increase in invasion was not
due to increased sarcosine levels but due to cytoskeletal changes. To analyze this possibility,
we determined the invasion ability of 22Rv1/sh_SARDH expressing si_ RNA to TMEFF2 to
simultaneously reduce the expression of TMEFF2 and SARDH. The results indicated that
using siRNA to TMEFF2 did not further promote an increase in the invasive ability of the
22Rv1/sh_SARDH cells in comparison to the same cells expressing a non-silencing siRNA
control (sh_SARDH + si_NS; Fig. 4C). These results suggest that relocalization of TMEFF2
to the cytoskeleton as a result of reducing SARDH levels does not account for the increase
in the invasive phenotype. The fact that, although reducing the levels of either TMEFF2 or
SARDH proteins results in increased invasion, reducing the level of both proteins
simultaneously does not have an additive effect supports the notion that TMEFF2 and
SARDH participate in the same pathway.

Sarcosine metabolism is required for the effects on cellular invasion mediated by changes
in the TMEFF2 and SARDH levels

We next examined whether the effect of KD SARDH on cellular invasion was due to the
increase in the endogenous sarcosine level that should result from blocking the conversion
of sarcosine to glycine. For this purpose, we analyzed whether the addition of exogenous
sarcosine would potentiate invasion of cells in which expression of SARDH has been
reduced using sh_RNA or siRNA. As shown in figure 5, addition of exogenous sarcosine to
the growth media, while it promoted increased invasion of the 22Rv1/sh_scramble or
22Rv1/si_NS control cells, it had no effect in 22Rv1 cells in which TMEFF2 or SARDH
was knocked down (using ShRNA or siRNA) when compared to the same cells grown in
alanine, an isomer of sarcosine (Fig. 5A and 5B). The 22Rv1/sh_scramble cells grown in the
presence of sarcosine were more invasive than the 22Rv1/sh_ SARDH, ruling out the
possibility that the invasive potential of 22Rv1/sh_SARDH had reached a limit. Lack of
response to exogenous sarcosine was also observed in 22Rv1/sh_SARDH cells expressing
si_RNA to TMEFF2 to simultaneously reduce the expression of TMEFF2 and SARDH.
Importantly, addition of exogenous sarcosine to 22Rv1/sh_ TMEFF2 or 22Rv1/sh_SARDH
cells promoted a five-fold increase in the accumulation of intracellular sarcosine as
measured using a Sarcosine Assay Kit (not shown) indicating that lack of response to
exogenous sarcosine is not due to a defect in sarcosine uptake. All together these results
suggest that metabolism of sarcosine, not solely sarcosine concentration, is required for
sarcosine-induced cellular invasion of prostate cancer 22Rv1 cells and that TMEFF2 and
SARDH play a role in the same pathway involving metabolism of sarcosine.

We did not observe an increase in endogenous sarcosine in 22Rv1/sh_SARDH cells with
respect to the 22Rv1/sh_scramble control cells. While it is possible that the changes in
sarcosine levels upon SARDH knockdown are below the detection limit of our assay, it is
also possible that the activity of SARDH in prostate cancer cells, in which sarcosine levels
are known to be higher than in non malignant cells [27], is already compromised; or that
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knocking down SARDH in prostate cancer cells affects the level or activity of other
enzymes involved in the metabolism of sarcosine (i.e. DMGDH) preventing a large increase
in sarcosine. Thus while sarcosine steady state levels don’t change, the flux of methyl
groups through this pathway is likely to be affected.

Changes in TMEFF2 and SARDH levels affect the expression of some of the enzymes
involved in sarcosine metabolism

We next analyzed whether the expression of GNMT or other enzymes involved in sarcosine
and the 1-C metabolism is modulated by knockdown of TMEFF2 or SARDH. For this
purpose, we performed gRT-PCR expression analysis of the GNMT, DMGDH, GLDC and
DHFR transcripts in 22Rv1 cells expressing shRNAs targeting TMEFF2 or SARDH.
Reducing the levels of SARDH or TMEFF2 resulted in a significant reduction (30-50%) in
the level of DMGDH mRNA. SARDH shRNA did not affect the levels of any of the other
three mMRNAs measured while reducing TMEFF2 levels significantly reduced GLDC levels
by two-fold (Fig. 6). Since these enzymes are important contributors to the 1-C metabolism,
these results suggest that 1-C metabolism modulates cellular invasion.

TMEFF2 modulates 1-C metabolism and cellular invasion

DMGDH, SARDH and GLDC are directly involved in reactions that donate 1-C units to
drive formation of methyl-THF, important for nucleotide synthesis and for generation of
SAM, the universal methyl donor. However, since TMEFF2 is not directly involved in these
reactions we further tested its role in the 1-C metabolism by determining whether the
production of methyl-THF is necessary for the role of TMEFF2 on modulating invasion. For
this purpose, we tested whether the antifolate drug, methotrexate (MTX) could specifically
abolish the increase on cellular invasion as a result of TMEFF2 knockdown, by reducing the
levels of the THF cofactor. The results show that low doses of MTX specifically abolished
invasion induced by TMEFF2 knockdown in 22Rv1 cells (22Rv1/sh_ TMEFF2) but had no
effect on control 22Rv1/sh_scramble cells (Fig. 7A). The MTX dose used did not
differentially affect viability or proliferation of 22Rv1/sh_ TMEFF2 or control cells
indicating that the effect of MTX on invasion of 22Rv1/sh_ TMEFF2 cells was not due to an
effect of the drug on cell numbers (Fig. 7B). These results further support a link between
TMEFF2, 1-C metabolism and invasion.

DISCUSSION

We have previously reported that the tumor suppressor activity of TMEFF2 correlates, at
least in part, with its ability to bind SARDH and modulate the levels of cellular sarcosine.
Overexpression of TMEFF2 in benign prostate epithelial RWPEL cells inhibits sarcosine-
induced migration and invasion and results in decreased levels of sarcosine with respect to
control cells [34]. However, the mechanism(s) underlying the effect of TMEFF2, SARDH
and sarcosine on the invasive properties of the cells are not clear. The results presented here
indicate that reducing expression of TMEFF2 or SARDH by sh_RNA or si_RNA or addition
of sarcosine to prostate cancer 22Rv1 cells also promotes increased cellular invasion.
However, addition of sarcosine to 22Rv1 cells in which TMEFF2 or SARDH expression has
been reduced does not further induce cellular invasion. Moreover, the invasive ability of
these cells is highly susceptible to the anti-folate methotrexate. These results suggest that
sarcosine metabolism specifically, and 1-C availability in general, is central to the invasion
phenotype mediated by changes in TMEFF2 and SARDH expression. Overall, the present
study reveals a link between SARDH, TMEFF2 and 1-C metabolism in modulating cellular
invasion.
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Sarcosine, an intermediate in glycine metabolism, is being investigated as a biomarker for
prostate cancer since increased levels were detected in urine and plasma of patients with
prostate cancer, and its levels were even higher in metastatic disease [27,39]. Although its
utility as a biomarker is controversial [38], in vitro studies indicated that sarcosine addition
to benign RWPEL1 prostate cells promoted increased cellular invasion. Similarly, feeding
these cells with glycine resulted in increased cellular invasion that could be suppressed by
si_RNA to GNMT [27], the enzyme that converts glycine to sarcosine and the primary
source for sarcosine [40]. These results suggested that sarcosine accumulation in RWPE1
cells was sufficient to promote cellular invasion. The results presented here using 22Rv1
prostate cancer cells indicate that addition of sarcosine to cells in which expression of
SARDH and/or TMEFF2 has been reduced does not promote increased invasion. This lack
of response to sarcosine was not due to defects in sarcosine uptake and was dependent on
reduction on the levels of SARDH or TMEFF2 as sarcosine addition to parental 22Rv1 cells
resulted in increased invasion. These results indicate that sarcosine accumulation on its own
does not promote increased invasion in 22Rv1 cells when the levels of TMEFF2 and/or
SARDH are low. However, previous data from our lab indicate that RWPEL cells are
sensitive to sarcosine-induced invasion [34], even though the TMEFF2 protein levels in
these cells are low. It is therefore possible that reducing the levels of TMEFF2 in 22Rv1,
which normally expresses moderate levels of TMEFF2, renders cellular invasion more
dependent on sarcosine metabolism (TMEFF2 addiction). Since sarcosine is an intermediate
of 1-C metabolism, we hypothesized that these cells would also be more dependent on
folate-mediated 1-C metabolism, and therefore more sensitive to anti-folate drugs. In fact,
our data demonstrated that low doses of MTX specifically abrogate sarcosine-induced
invasion in 22Rv1 cells in which TMEFF2 or SARDH has been knocked down, but had
little effect on invasion of 22Rv1 cells. These results suggest that changes in SARDH and/or
TMEFF2 may modify sarcosine and other 1-C metabolism intermediates fluxes to promote
invasion. In support of this, a recent study has demonstrated that elevated levels of folic acid
promote invasiveness of PC3, LNCaP and DU145 prostate cancer cells [41]. Interestingly,
this effect was not correlated with increased levels of sarcosine as measured by gas
chromatography and mass spectrometry supporting the idea that sarcosine accumulation is
not responsible for the folate-induced invasion effect observed on these cells. Lack of
correlation between sarcosine levels and invasion ability was also observed when different
prostate cancer cell lines were compared [27].

Folate and other 1-C metabolism intermediates can influence prostate cancer through their
role in 1-C metabolism pathway, which is necessary for DNA synthesis and methylation
[42]. Early oncogenesis involves aberrant activation of cell proliferation and therefore
increased DNA synthesis. This effect directs tumor cells to undergo a metabolic
reprogramming which in some cases involves mutations/changes in the expression of
enzymes of the folate-mediated 1-C metabolism pathway [43], sensitizing the cell to MTX.
Our results showed that MTX treatment reduced the invasion of 22Rv1 cells in which
TMEFF2 was knocked down independently of an effect on viability or proliferation and
therefore of DNA synthesis. This suggests that the role of TMEFF2 in invasion is mediated
through changes in methylation. In support of this, changes in protein and DNA methylation
are known to affect tumor cell invasion [44, 45].

Interestingly, although the effects of SARDH and TMEFF2 KD on invasion are non-
additive, the effect of MTX on invasion of 22Rv1 cells in which SARDH was knocked
down was smaller than in the TMEFF2 KD cells, and was accompanied by a decrease on
viability. These differences may reflect differential effects in the expression of other genes
involved in the folate-mediated 1-C metabolism. In fact, as described here, TMEFF2 KD but
not SARDH KD affects expression of GLDC. Changes in GLDC expression have been
recently correlated with non-small cell lung, prostate and other cancers [22]. Finally, our
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results demonstrate that TMEFF2 KD or SARDH KD decreases the mRNA level of
DMGDH, the enzyme that converts dimethylglycine into sarcosine. The most obvious
consequence should be a decrease in invasion due to a decrease in sarcosine accumulation,
contrary to our observations. It is possible that other effects mediated by the SARDH or
TMEFF2 KD cancel out the effect of decreasing DMGDH levels, or that the contribution of
the DMGDH catalyzed reaction to the total level of sarcosine is negligible (the GNMT
reaction is the primary source of sarcosine [40]). Alternatively, it is possible that the effect
of decreasing DMGDH, is cell specific, as is the case for other enzymes involved in
sarcosine metabolism. In fact, results from Chinnaiyan’s lab indicated that while si_RNA to
GNMT reduced invasion of DU145 cells, it did not have an effect on RWPEL cells [27].

Our results demonstrate that SARDH KD in 22Rv1 cells results in TMEFF2 relocalization
to the cytoskeleton and in fact, TMEFF2 interacts with some of the components of the
cytoskeleton. However, simultaneous TMEFF2 KD does not alter the invasive phenotype of
the SARDH KD cells suggesting that the altered localization of the TMEFF2 protein to the
cytoskeleton is not responsible for the invasive phenotype seen in SARDH KD cells. In
support of this interpretation, SARDH KD in other cells that express low levels or no
TMEFF2 also promotes increased invasion (RWPE1 [27], and DU145, not shown). Our
results indicate that SARDH KD in 22Rv1 also prevents localization of the TMEFF2 protein
in the nucleus. Whether this effect can account for some of the phenotypes observed in the
SARDH KD cells and the role of TMEFF2 in the nucleus are currently being investigated.

It is interesting to note that the TMEFF2 and SARDH proteins have distinct effects on each
other. While overexpression of TMEFF2 affects SARDH activity resulting in decreased
sarcosine levels and sarcosine-induced invasion that is dependent on their interaction,
reducing SARDH levels promotes TMEFF2 relocalization to the cytoskeleton. Based on
their ability to interact and their localization as determined by confocal microscopy, we have
previously speculated that the SARDH and TMEFF2 interact in the Golgi apparatus during
trafficking, thus modifying the activity of SARDH. The results presented here, suggest that
in the presence of low levels or absence of SARDH, TMEFF2 is free to localize to other
subcellular compartments. The consequence of TMEFF2 relocalization to the cytoskeleton
in response to decreased levels of SARDH is not clear at this time.

CONCLUSIONS

In summary, our findings suggest a role for 1-C metabolism, and the enzymes involved in
the pathway, in modulating cellular invasion. We have previously demonstrated that the
ability of TMEFF2 to overcome sarcosine-induced invasion, correlates with its ability to
interact with SARDH and modulate the levels of sarcosine [34]. Here we show that reducing
the levels of TMEFF2 by sh_RNA or si_RNA also prevents sarcosine-induced invasion
suggesting that an imbalance in TMEFF2 levels is enough to affect 1-C metabolism and
consequently invasion. The susceptibility of TMEFF2 KD cells to MTX supports this
conclusion. SARDH, GNMT and TMEFF2 are under transcriptional control mediated by the
androgen receptor (AR). In addition, translation of TMEFF2 is increased by androgens/AR
signaling [46]. These observations link AR signaling with the regulation of 1-C metabolism
and invasion. Moreover, since AR expression, activity and function are methylation-
dependent [47-49], it is possible that AR signaling-induced changes in the 1-C metabolism
can function as a feed-forward mechanism to modulate its own activity.

The results presented here may offer important therapeutic implications. As described, the
invasion, and therefore metastatic, ability of cells in which TMEFF2 expression has been
reduced is highly susceptible to MTX, suggesting that targeting TMEFF2 in tumors that
express this protein may increase their susceptibility to MTX or other anti-folates.
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Moreover, since TMEFF2 is hypermethylated and downregulated in glioma and several
other cancers [50], this can potentially render the metastatic potential of the tumor more
susceptible to anti-folate drugs.
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Figure 1. TMEFF2 interaction with one-carbon metabolism

The enzymes and metabolites discussed in this study are indicated in this schematic.
TMEFF2 is shown interacting with SARDH. Changes in the expression of TMEFF2 affect
the activity and/or expression of some of the enzymes of this pathway, and ultimately its
balance, possibly affecting the methylation potential of the cell (see text). Negative
regulation of GNMT by CH3-THF and of CH3-THF formation by SAM is indicated by
dotted lines. SAH: S-adenosyl-homocysteine; Hy: homocysteine. Other abbreviations are as
described throughout the manuscript.
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Figure 2. Reducing the levels of SARDH by sh_RNA in 22Rv1 cells modulates TM EFF2 protein
levels

A: Relative mRNA expression of TMEFF2 and SARDH as determined by quantitative RT-
PCR. Values were normalized to TATA Box Binding Protein (TBP) mRNA and then to the
levels obtained for the corresponding mRNAs from cells expressing the sh_ RNA scramble
control, which was set to 1. B: Representative western blots indicating levels of TMEFF2
protein in RIPA lysates of 22Rv1/sh_SARDH or /sh_TMEFF2 cells (a= antibody). C: The
relative levels of endogenous sarcosine in cells grown in the presence/absence of 100pM
sarcosine were measured. A > 3-fold increase in endogenous sarcosine levels demonstrate
that sarcosine was indeed internalized in 22Rv1/sh_scramble cells. D: Cells were grown in
the presence of 100,.M sarcosine and TMEFF2 levels analyzed by western blot (top). The
results were quantified by densitometry (bottom) and represent the average of five
independent repeats. A > 3-fold increase in endogenous sarcosine levels demonstrate that
sarcosine was indeed internalized in those cells (right). E: Representative western blots
indicating levels of TMEFF2 from lysates of 22Rv1/sh_ SARDH or /sh_ TMEFF2 cells
obtained using RIPA buffer containing Triton X-100. B-tubulin was used as a loading
control for A, B and D. Data shown are mean + S.D. of at least two independent experiments
with multiple replicates. *, p < 0.05, and **, p < 0.01.
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Figure 3. A fraction of TMEFF2 localizesto the cytoskeleton in 22Rv1/sh_SARDH cells

A: Lysates from 22Rv1 cells expressing sh_RNA to SARDH or sh_scramble as a control
were subjected to fractionation. Subcellular fractions were analyzed by western blot using an
antibody against TMEFF2. Note that localization of TMEFF2 changes in response to
reduced levels of SARDH. B: Lysates from 22Rv1 cells expressing sh_ RNA to SARDH,
TMEFF2 or sh_scramble were prepared in RIPA buffer containing Triton X-100,
fractionated via high speed centrifugation into supernatant and pellet fractions and analyzed
by western blot analysis. C: Immunofluorescence staining of 22Rv1/sh_SARDH cells. Cells
were fixed and stained with anti-TMEFF2 (green) and phalloidin to detect actin (red).
Colocalization of TMEFF2 and actin is illustrated by yellow signal.
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Figure 4. Reducing the levels of TMEFF2 and/or SARDH similarly affects cellular invasion

A & B: The effect of reducing the levels of TMEFF2 or SARDH using sh_RNA (A) or
si_RNA (B) was analyzed using Boyden chambers. Cells adhering to the bottom of the
membrane were fixed, stained with crystal violet and photographed. Representative images
(left) of at least three independent experiments with multiple replicates, and quantification of
the results (right) are shown. C: The effect of reducing the levels of TMEFF2 and SARDH
simultaneously using sh_RNA to silence SARDH and si_RNA to silence TMEFF2 was
analyzed as described for A and B. 22Rv1 cells expressing the scramble sh_RNA scramble
or a non-silencing (NS) si_RNA were used as controls. (*) p < 0.05.
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Figure 5. TMEFF2 and/or SARDH KD block sarcosine-induced invasion

A & B: The effect of reducing the levels of TMEFF2 or SARDH on sarcosine induced
invasion was analyzed using Boyden chambers. Cells expressing the specified sh_RNA (A)
or si_RNA (B) were grown in the presence of 50 1M alanine or sarcosine. Cells adhering to
the bottom of the membrane were fixed, stained with crystal violet and photographed.
Representative images (left) of at least three independent experiments with multiple
replicates, and quantification of the results (right) are shown. C: The effect of reducing the
levels of TMEFF2 and SARDH simultaneously was analyzed as described for A and B. (*)

p <0.05.
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Figure6. TMEFF2 or SARDH KD affects the expression of enzymesinvolved in folate mediated
1-C metabolism

Relative mMRNA expression of selected enzymes as determined by quantitative RT-PCR in
22Rv1 cells expressing the specified sh_RNA. Values were normalized to TBP mRNA and
then to the levels obtained for the corresponding mRNAs from cells expressing the sh_RNA
scramble control, which was set to 1. Data shown are mean £ S.D. of at least three
independent experiments with multiple replicates. *, p < 0.05, and **, p < 0.01.
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Figure7. The anti-folate drug methotrexate inhibits invasion of 22Rv1 in which TMEFF2 or
SARDH areknockdown

A: Cells expressing sh. TMEFF2, sh_ SARDH or sh_scramble as control, were placed in
Boyden chambers and exposed to + 0.5 nM methotrexate. After 48 hours, cells adhering to
the bottom of the membrane were fixed, stained with crystal violet and photographed.
Representative images (left) and quantification of the results (right) are shown. B: MTT
assay of the same cells to determine proliferation rate in the presence/absence of
methotrexate. C: Trypan Blue exclusion assay of the same cells grown on serum-starved
media to determine viability under the conditions used for the Boyden chamber assay. For
both assays, data shown are mean = S.D. of at least three independent experiments with
multiple replicates. *, p < 0.05, and **, p < 0.01.

*, p<0.05, and **, p< 0.01.
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B-actin peptides identified by mass spectrometry analysis of TMEFF2 affinity complexes

Table |

Start - End | m/z Peptide sequence

51-61 1198.3 | DSYVGDEAQSK

69-84 1960.2 | YPIEHGIVTNWDDMEK

85-95 1516.1 | IWHHTFYNELR

96-113 1953.1 | VAPEEHPVLLTEAPLNPK

148-177 3182.9 | TTGIVMDSGDGVTHTVPIYEGYALPHAILR
197-206 1132.1 | GYSFTTTAER

239-254 1791.1 | SYELPDGQVITIGNER

292-312 2214.0 | DLYANTVLSGGTTMYPGIADR
336-359 2729.9 | KYSVWIGGSILASLSTFQQMWISK
360-372 1500.1 | QEYDESGPSIVHR
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a-tubulin peptides identified by mass spectrometry analysis of TMEFF2 affinity complexes

Start - End | m/z Peptide sequence

65-79 1702.3 | AVFVDLEPTVIDEVR

85-96 1410.3 | QLFHPEQLITGK

97-112 1779.3 | EDAANNYARGHYTIGK
113-121 1085.3 | EIIDLVLDR

216-229 1718.2 | NLDIERPTYTNLNR

244-264 2409.2 | FDGALNVDLTEFQTNLVPYPR
265-280 1756.5 | IHFPLATYAPVISAEK

312-320 1249.2 | YMACCLLYR

340-352 1584.1 | SIQFVDWCPTGFK

374-390 1865.1 | AVCMLSNTTAIAEAWAR
403-422 2330.0 | AFVHWYVGEGMEEGEFSEAR
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