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The intracellular domain of teneurin-2 has a nuclear
function and represses zic-1-mediated transcription
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Summary

Teneurin-2, a vertebrate homologue of th®rosophilapair- homophilic interaction of the extracellular domain, and the
rule geneten-m/odz is revealed to be a membrane-bound intracellular domain was stabilized by proteasome
transcription regulator. In the nucleus, the intracellular  inhibitors. We have previously shown that teneurin-2 is
domain of teneurin-2 colocalizes with promyelocytic expressed by neurons belonging to the same functional
leukemia (PML) protein in nuclear bodies implicated in  circuit. Therefore, we hypothesize that homophilic
transcription control. Since Drosophila ten-m acts interaction enables neurons to identify their targets and
epistatically to another pair-rule geneopa we investigated that the release of the intracellular domain of teneurin-2
whether gene regulation by the mammalian opa homologue provides them with a signal to switch their gene expression
zic-1 was influenced by the intracellular domain of program from growth towards differentiation once the
teneurin-2. We found that zic-mediated transcription from  proper contact has been made.

the apolipoprotein E promoter was inhibited. Release of the

intracellular domain of teneurin-2 could be stimulated by  Key words: Pair-rule, PML, RIP, Ten-m, Transcription

Introduction -2 promote neurite outgrowth in vitro (Minet et al., 1999;

Studies inDrosophila have revealed the existence of two Rubin et al., 1999). Teneurin-2 also acts as a homophilic
members of a new protein family, namely, Ten-a and Ten-radhesion protein and may play a role in the specification of
(Baumgartner and Chiquet-Ehrismann, 1993; Baumgartner &guronal circuits in the developing visual system (Rubin et al.,
al., 1994; Minet and Chiquet-Ehrismann, 2000; Fascetti and002). In addition to being found in the nervous system,
Baumgartner, 2002)len-m also known asdz(Levine et al., teneurin-2 and -4 are expressed in two important organizing
1994), is a pair-rule gene (Baumgartner et al., 1994). This genters of limb development: the apical ectodermal ridge and
surprising, as Ten-m is a cell-surface or secreted protein, afide zone of polarizing activity, respectively (Tucker et al.,
all other pair-rule genes are transcription factors (Lawrencé001; Tucker et al., 2000).
and Struhl, 1996). Baumgartner et al. proposed that Ten-m actsAs all members of the teneurin family are type |II
as a pair-rule gene by binding to a receptor (Baumgartner #ansmembrane proteins (Rubin et al., 1999; Feng et al., 2002),
al., 1994), which in turn transmits the extracellular signal int®ne potential scenario by which such membrane-spanning
the nucleus. Mutational analysis by Baumgartner et alproteins can fulfill their role as signaling molecules is by a
indicated that Ten-m initiates a signal transduction cascade viaechanism recently described as regulated intramembrane
or in concert withopa receptor (Baumgartner et al., 1994), proteolysis (RIP) (reviewed in Brown et al., 2000). RIP is a
another pair-rule gene that encodes a zinc finger transcriptiéwo-step mechanism that leads to the cleavage of
factor. transmembrane proteins at and in the lipid bilayer. The
During the later stages of development, Ten-a and Tergleavage and release of the extracellular or intraluminal parts
m/Odz are predominantly expressed in the nervous systeai the protein is a prerequisite for a second cleavage, which
(Levine et al.,, 1997; Minet et al., 1999; Fascetti andeads to the separation of the intracellular part from the
Baumgartner, 2002). The predominant neuronal expression isembrane. The latter takes place within the transmembrane
conserved in the vertebrate homologues ten-m1, 2, 3 and 4 diemain. The resulting soluble intracellular part translocates to
the mouse (Oohashi et al.,, 1999; Ben-Zur et al., 2000}he nucleus, where it participates in transcription. RIP was first
neurestin in the rat (Otaki and Firestein, 1999) and ten-m3 anmioposed as a signaling model by which the sterol regulatory
ten-m4 in zebrafish (Mieda et al., 1999). element binding protein (SREBP) regulates lipid metabolism
Most of the functional studies have been performed on théBrown and Goldstein, 1997). It is now known to control
avian ten-m family members. Three family members have bedliverse cellular and developmental processes (Brown et al.,
described in the chicken so far and have been termed teneur600). The study of Notch, another protein exerting function
1 (Minet et al., 1999), teneurin-2 (Rubin et al., 1999) andy this mechanism, was crucial to discover important features
teneurin-4 (Tucker et al., 2000). Teneurin-2 is a type llof RIP (Chan and Jan, 1998). Also Irel (Niwa et al., 1999) and
transmembrane protein containing a furin cleavage site in th&TF6 (Haze et al., 1999), both of which are involved in the
extracellular domain (Rubin et al., 1999). Both teneurin-1 andnfolded secretory protein pathway (endoplasmatic reticulum
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stress response), signal through RIP. Amyloid precursc
protein (APP), which is thought to be involved in the ' T E Y
Alzheimer's disease, is a prominent example of this
mechanism (Haass and De Strooper, 1999; Ebinu and Yankn
2002). Not only does proteolysis of APP lead to the | [BDIAD el mummm PG = 50AD-ITEY
accumulation of the toxic APP peptide underlying Alzheimet )
disease, but RIP may be part of normal APP signaling (Ga BDJAD = BDADITE
and Pimplikar, 2001). The most recently recognized and lea BDAD-IT
described examples of RIP include CD44 (Okamoto et al
2001), ErbB-4 (Ni et al., 2001; Lee et al., 2002), luman (Ragg BDAD-!
et al., 2002) and E-cadherin (Marambaud et al., 2002). The:
diverse examples of RIP could well be just the tip of the iceber — !
of a large group of transmembrane proteins undergoin —— T
proteolytic cleavage to initiate a signal transduction cascade

It was the aim of the present work to determine whether [ __|EGF TE
similar proteolytic mechanism is responsible for the signaling
by teneurins, thus reconciling the enigmaodsophila ten-m Ll ECF ] YD L TEY
being a pair-rule gene and a bona fide transcription regulat
despite its cell-surface location. We found that indeed th
intracellular domain of teneurin-2 can be released from the ce I: intracellular domain E: EGF-like repeats
membrane and that it translocates to the nucleus where it T. transmembrane domain _Y: YD repeats
able to influence the transcription activity of zic, a vertebrate
homologue of thérosophilaOpa (Yokota et al., 1996). Fig. 1. Schematic models of all teneurin-2 proteins used in this study.

BD stands for Gal4 DNA-binding domain and AD for hB~
activation domain.

Materials and Methods
Antibodies and DNA constructs

The following primary antibodies were used anti-teneurin-2 (Rubin eBD, coding for BD, bases 703-1267 of pCMV-AD coding for AD and
al., 1999), anti-VSV (affinity-purified peptide antibody, from Andrew bases 1-630 of teneurin-2 coding for the first 210 amino acids of the
Matus, Friedrich Miescher-Institute), anti-FLAG (M2, Stratagene),intracellular domain of teneurin-2 until tBdpl site. These fragments
anti-Gal4 (DGB RK5C1, Santa Cruz), anti-PML (PG-M3, Santawere connected by the method of SOE (Horton, 1995), and the
Cruz), anti-myc (c-Myc 9E10, Santa Cruz) and anti-HA (12CA5,resulting construct was cloned into tBanHI/Blpl site of the pre-
Roche). Secondary antibodies used were Alexa594- and Alexa488xisting pcDNA3 vectors containing teneurin-2 constructs of different
conjugated goat anti-mouse and goat anti-rabbit 1gG (all fromengths (Rubin et al., 2002).
Molecular Probes), horseradish-peroxidase-coupled anti-mouse and
anti-rabbit 1gG (Soccochim). ) )
The following DNA constructs were used: pFR-luc (luciferaseTransient transfections
reporter plasmid; Stratagene), p\Galactosidase (Promega), pBD- HT1080 fibrosarcoma and COS-7 green monkey kidney cells were
NFkB (encodes BDAD), pCMV-AD and pCMV-BD (Stratagene), p- routinely maintained in DMEM medium supplemented with 10%
CMX-PML and p-CMX-PML-RAR (expression plasmids encoding FCS. For transient transfections, the cells were seeded in six-well
PML or PML-RAR fusion protein, respectively, kindly provided by plates or 35 mm dishes containing four internal wells (Greiner). 12
Ronald M. Evans, San Diego) (Kakizuka et al., 1991; Lin and Evandours later they were transfected with the indicated expression vectors
2000), pEF-zicl (expression plasmid encoding myc-tagged zic-1, @ pug of each vector) by using FUGENE-6(B 6 pl or 9l for one,
generous gift from Jun Aruga, Saitama, Japan) (Aruga et al., 1996)yo to three or four different plasmids, respectively; Roche). 24 hours
pXP2-APOEL89 (luciferase reporter plasmid under the control of arafter transfection the cells were rinsed in PBS and processed for either
apolipoprotein E promoter; kindly provided by Francisco Zafra,measuring luciferase arfigalactosidase activities, western blotting
Madrid) (Salero et al., 2001). or immunofluorescence.
Where indicated the cells were treated with the following

) substances at least 5 hours after transfection: ALLNu@Hl; N-
Teneurin-2 constructs acetyl-leu-leu-norleu-AL; Sigma); tunicamycin (@/ml; Sigma) or
Eight different teneurin-2 constructs were used in this study (Fig. 1)actacystin (1QuM; Sigma) for 4 or 8 hours prior to harvesting.
They are named according to the teneurin-2 protein domains
contained within their coding regions. Two of them (constructs TE ]
and TEY) were described before (Rubin et al., 2002). Construct $table cell lines
represents the soluble intracellular domain of teneurin-2. It encodé3onstruct | was subcloned into the ecdyson-inducible expression
the first 372 amino acids of the teneurin-2 sequence as describeector pIND (Invitrogen) and transfected into EcR-293 cells
previously (Rubin et al., 1999), followed by a VSV tag for detection.(Invitrogen) according to the supplier's manual, resulting in the cell
Construct IT contains, in addition to the intracellular domain, amindine EcR-293-I. Clones were tested for the inducible expression of
acids 373-406, including the membrane-spanning domain and Idbnstruct | after the addition of increasing concentrations of
extracellular amino acids followed by an HA tag for detection. In fourponasterone (1-10g/ml; Invitrogen) by immunoblotting using anti-
constructs teneurin-2 was coupled to the Gal4-binding domain (BDYSV antibodies.
and the NKB activation domain (AD), generating BDAD-teneurin-2  Clones of HT1080 cells stably expressing TEY (TEY cells) or TE
fusion proteins (see Fig. 1). These constructs were cloned by multip(@E cells) on their surfaces, respectively, have been described
PCR. The product of the PCRs comprised bases 675-1118 of pCM¥yreviously (Rubin et al., 2002).
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Luciferase and B-galactosidase assays transcriptional activity for the intracellular part of teneurin-2
The cells were lysed by adding reporter lysis buffer (Promega)data not shown). Consistent with this we found the
Appropriate dilutions of the lysed cell suspension were then pipetteithtracellular domain of teneurin-2 (referred to as construct I,
into Microlite™ luciferase plates (Dynex Technologies), and thesee schematic representation of constructs in Fig. 1) to be
luciferase activity was measured in a Microlumat (LB96P, EG+Gyranslocated to the nucleus if transfected into HT1080 cells. To
Berthold) by automatic injection of luciferin substrate solution (2 mMq;y surprise, transfection of construct | did not lead to a
k‘lf'f‘le&”h;elrggemgcﬁ;ﬁég zvigr?Mng:ﬁ;Ti;e% 7£i’tr}5(r)e?pln\gcl\t/lgf?>otheuniform nuclear accumulation but its expression instead was
transfection efficiency by co-transfectin@3ayalactosidase vector. To Cor.‘f'.”ed to discrete spots Wlth.m the nucleus (Fig. 2b,d). This
Staining pattern contrasted with that of the transmembrane

determinef-galactosidase activity the diluted cell suspensions wer : -
incubated with the substrate solution (4.5 mM 2-nitrophenyl-b-D-€neurin-2 construct IT, which accumulated on the cell surface

ga|actopyranoside in0.2 M Na_phosphate’ 2 mM Mgo:_[]_ mMB_ (F|g 2a.) The nuclear |Oca|izati0n COinCided W|th a Very
mercaptoethanol) for 30 minutes at 37°C. To stop the enzymat@imilar punctate pattern obtained by staining for PML protein
reaction, 1 M NagCO3 was added and the OD was measured at 40gpromyelocytic leukemia protein) (reviewed in Seeler and
nm in a microplate reader (BioRad). Dejean, 1999) and may represent nuclear bodies, termed
promyelocytic oncogenic domains (PODs) or PML bodies
(Fig. 2e). Double immunofluorescence staining of construct |

Western blotting ansfected cells did show substantial, but not complete,

Teneurin-2 constructs I, IT and ITE were extracted by adding SD : . ; o
sample buffer containing 208mercaptoethanol directly to the cells. verlap of PML with the intracellular domain of teneurin-2

Extraction of the nuclear constructs BDAD and BDAD-I was achieveéF'g'.Zd'f)' Slnqe PML bodies a.re.lnvolved in a number of
by performing nuclear fractionation. The transfected cells werdUnctions associated with transcriptional control (Zhong et al.,

harvested by scraping off the cell layer in lysis buffer [10 mM HEPES2000), it was of interest to determine whether there was a
pH 7.5, 0.5% triton X-100, 300 mM sucrose, 100 mM NaCl, 2 mmMmgenuine colocalisation of teneurin-2 and PML in nuclear
MgCly, protease inhibitors (Complete™, Roche Diagnostics)] on icdoodies. We therefore cotransfected construct | with an
and subsequent centrifugation for 10 minutes aigd8@n Eppendorf  expression plasmid encoding PML on the one hand and with
centrifuge. The resulting pellet was resuspended in lysis buffer andML-RAR (PML-retinoic acid receptor fusion protein) on the
buffer containing 20%3-mercaptoethanol, 6 M urea and proteaseppq. protein leads to a massive enlargement of the nuclear

inhibitors (Complete™). Before loading on an 8% SDS-PAGE gel . . i
DTT was added to a final concentration of 10 mM. bodies (Doucas et al., 1996). In contrast, transfection of PML

The transmembrane constructs BDAD-ITE and BDAD-ITEY wereRAR_ should result in a d(_astruction of the PM!‘ _body
extracted from the cells by the following procedure. The cells weréchitecture (Dyck etal., 1994; Mu et al., 1994). We did indeed

extracted on ice by a hypotonic buffer (2 mM Na-phosphate buffer pigbserve these effects, as illustrated in Fig. 2h,k,|. Interestingly,
7.5, 20 mM KCI, 1 mMB-mercaptoethanol), scraped off and centrifugedfor teneurin-2 | an equivalent staining pattern was detected
for 10 minutes at 6809at 4°C in an Eppendorf centrifuge. The resulting after cotransfection with PML, and | was pulled into the
pellet was reconstituted in detergent buffer [50 mM Tris pH 8, 1% NP4Genlarged PML bodies (Fig. 2g-i). Furthermore, destruction of
150 mM NaCl, 5 mM EDTA, 6 M urea, protease inhibitors the PML body architecture after transfection with PML-RAR
(Complete™)], incubated for 20 minutes at 37°C and centrifuged for 18|59 changed the expression pattern of cotransfected I, which
minutes at 17,900g. SDS sample buffer containing 20%- a5 no longer accumulated in discrete spots in the nucleus but
mercaptoethanol, 6 M urea and protease inhibitors (Complete™) w. emed to be expressed homogeneously throughout the cells

added to the supernatant and incubated for 1 hour at 52°C. After DT/ . . ; -
was added (10 mM), the samples were loaded on a 6% SDS-PAGE 7ig. 2]_). These results |nd_|cz_ite that the mtr_acellular domam_of
neurin-2 accumulates within nuclear bodies, thus supporting

The gels were transferred to PVDF membranes. The proteins we ‘ . ! ’
detected by anti-Gal4 antibody (BDAD and BDAD-I) or by anti- OUr previous hypothesis that the intracellular domain of
teneurin-2 serum (BDAD-ITE and BDAD-ITEY), horseradish- teneurin-2 is involved in transcriptional regulation.
peroxidase-coupled secondary antibodies and ECL SuperSignal
(Pierce).

Functional interaction of teneurin-2 with zic
In Drosophilg ten-m was postulated to modulate the activity

lrmr:léZﬁ:u;er\S/geg:ZS mm four-well staining dishes (Greiner) wer of Opa protein (Baumgartner et al., 1994). It was therefore of
fixed with 4% PFA for 30 minutes at room temperature and, Whe%nterest to investigate whether the zinc finger transcription

indicated, permeabilized with 0.1% triton X-100 for 5 minutes. actor Z'C’,a vertebrate homplogue of Opa, WQUId Influenge or
Incubation with primary antibodies was performed for 60 minutes and/ould be influenced by the intracellular domain of teneurin-2.
that with secondary antibodies for 30 minutes, both at room When both proteins were expressed in COS-7 cells by
temperature, and the cells were washed in PBS after each incubatiéfansient transfections we observed a marked downregulation
Finally, the specimens were mounted in Moviol and examined andf the intracellular domain | of teneurin-2 compared with its
photographed using a Zeiss Axiophot microscope (Carl Zeiss Ltdgsual expression level (Fig. 3A). On the other hand, co-
connected to a 3CCD camera (Sony). transfection of the two constructs did not have an effect on the
level of zic (Fig. 3C). In contrast to its effect on teneurin-2, zic
did not downregulate another co-transfected transcription

Results o o factor BDAD (Gal4 DNA-binding domain fused to the k&
Colocalisation of the teneurin-2 intracellular domain with activation domain) in an analogous analysis (Fig. 3B,D). The
PML zic-induced downregulation of the intracellular domain | of

Pilot results with a yeast two-hybrid assay indicatedeneurin-2 was counteracted by the addition of the proteasome
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Fig. 2. The teneurin-2
intracellular domain
colocalizes with PML.
Microscopic analysis of
HT1080 cells transfected with
teneurin-2 variants IT (a), | (b-
k), PML (g-i) and PML-RAR
(j-). Staining of non-
permeabilized cells with an
anti-HA antibody detecting the
C-terminal tag of construct IT.
(a) Staining of permeabilised
cells with anti-VSV detecting
the C-terminal tag of construct
I (b) and same field analysed in
phase contrast (c). Double-
immunofluorescence of |
transfected cells for | (anti-
VSV; d) and endogenous PML
(anti-PML; e) with an overlap
shown in f. Double
immunofluorescence staining
of cells co-transfected with |
and PML for | (anti-VSV; g)
and PML (anti-PML; h) with
the overlap shown in i. Double-
immunofluorescence staining
of cells co-transfected with |
and PML-RAR for | (anti-
VSV; j) and PML (anti-PML;
k). For comparison, | shows
PML-RAR single transfected
cells (anti-PML). Bar, 5Qum
(a-c) or 10um (d-I).

®od, N
. r R g Fads ¢
w

inhibitor lactacystin (Fig. 3A). Thus the nuclear intracellularin luciferase acitivity (Fig. 4B). After the induction of teneurin-
domain of teneurin-2 seems to be subject to degradation by tBel by ponasterone we observed a marked reduction in the
proteasome pathway. By immunofluorescence staining of thexpression level of the reporter gene only in EcR-I cells (Fig.
transfected cells we observed that zic-transfected cells revealéB) and not in EcR control cells (Fig. 4C). This result
a relatively diffuse nuclear staining (Fig. 3E,F) and in nuclesuggested that the intracellular domain of teneurin-2 did have
containing high amounts of zic protein, the punctate stainingn inhibiting effect on the transcriptional activity of zic, and
of teneurin-2 | disappeared and became diffuse (Fig. 3F). Thuthis effect was more pronounced in the presence of the
the presence of zic prevented the association of the teneurirpfoteasome inhibitor ALLN, which stabilizes teneurin-2 | (Fig.
intracellular domain with PML bodies and made it amenabldA).
to proteasome- -mediated degradation.

To examine the potentlal effect of the teneurin-2 | on the
transcriptional activity of zic, stably transfected EcR-293 celRelease of the intracellular domain from the plasma
lines were produced. In these EcR-I cells teneurin-2 | was onfjiembrane
expressed upon addition of ponasterone (Fig. 4A). EcR-Il celllo be a functional regulator of transcription, wild-type
were transiently transfected with zic and a luciferase reportéransmembane teneurin-2 would have to be specifically cleaved
construct under the control of the apolipoprotein E (ApoE)n or at the plasma membrane, possibly upon a signal by ligand
promotor known to be activated by zic (Salero et al., 2001pinding. In turn its intracellular part must be released and

Whereas the ApoE-luciferase reporter construct alone did ntftanslocated to the nucleus in a manner similar to that
show any activity, the presence of zic led to a dramatic increasstablished for proteins regulated by RIP (reviewed in Brown
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A B
! | + zic BDAD _zic + BDAD

Fig. 3. Zic promotes degradation of

the teneurin-2 intracellular domain.

Western blot analysis of cell extracts vsv ‘ ~ | C Gald ewepawr <= BDAD
of COS-7 cells transfected with

teneurin-2 | (A, left side), the
recombinant transcription factor

BDAD (pBD-NFKB) (B, left side) — 4h 8h — 4h 8h lactacystin — 4h 8h — 4h 8h lactacystin
and zic (C and D, left side) alone

and in combination, as indicated

above the lanes (A-D right sides). C D

Extracts of cells without lactacystin zic | + zic zic zic + BDAD

treatment were compared to extracts
made from cells grown with the
addition of lactacystin for the time M i :
periods indicated before harvesting. myc zIc MYC gy === ZIC
In A, the teneurin-2 intracellular
domain was detected by anti-VSV, in | I
B, BDAD was detected by anti-Gal4, — 4h 8h — 4h 8h lactacystin — 4h 8h — 4h 8h lactacystin
and in C and D, zic was detected by
anti-myc. Zic caused downregulation
of the cotransfected teneurin-2 | but
not of BDAD. Immunofluorescence
staining of cells transfected with
teneurin-2 | (anti-VSV antibody)

and zic (anti-myc antibody) alone
(E) and after co-transfection (F)
revealed that the anti-VSV signal in
PML bodies is lost in nuclei showing
high expression levels of zic. Bar,

10 pum.

| + zic | + zic

et al., 2000; Ebinu and Yankner, 2002). To test this hypotheswonstruct). However, BDAD-ITEY, being the largest fusion
we developed a sensitive method to detect the releas@dotein, did not lead to a significantly enhanced activity. This
intracellular domain of teneurin-2 in the nucleus. We expressaaight partly be explained by the fact that the larger the
fusion proteins of full-length teneurin-2 (or of smaller transmembrane construct the lower the expression level.
transmembrane versions truncated in their extracellulahlternatively, cleavage of the shorter constructs might be
domain) fused to a Gal4 DNA-binding domain (BD) and aconstitutive, whereas cleavage of the full-length construct
NFkB activation domain (AD; see Fig. 1). If cleavage andmight have to be specifically induced. This is the case for
translocation to the nucleus occurred, BDAD-I could beNotch: processing of Notch expressed on the cell surface is
detected by binding to specific Gal4 recognition sequences specifically activated by binding to its ligand Delta (Kidd et al.,
the promotor of the cotransfected luciferase reporter plasmid998; Schroeter et al., 1998; Struhl and Adachi, 1998).
and subsequent initiation of luciferase gene expressioheneurin-2 has recently been shown to bind homophilically by
activated by AD could be monitored. its extracellular domain (Rubin et al., 2002). We therefore
Fig. 5 illustrates the correct expression of the transfectespeculated that this interaction could induce cleavage and
fusion proteins. BDAD and BDAD-I, serving as positive translocation of the intracellular domain of the BDAD-
controls in this experiment, were detectable on a western blegneurin-2 fusion proteins, which in turn would be represented
of nuclear extracts by anti-Gal4 antibodies (Fig. 5A), and theiby enhanced luciferase activities.
accumulation in the nucleus was confimed by To test whether homophilic interaction of teneurin-2
immunofluorescence staining of permeabilised cells (Fig. 5BYyepresents a signal for cleavage of its intracellular domain we
At the same time BDAD-ITE and BDAD-ITEY could be transfected BDAD-ITEY and BDAD-IT into HT-1080 cells
identified as part of the plasma membrane by western blots @fT control) or clones that constitutively express the entire
membrane fractions and by immunofluorescence of norextracellular domain TEY on their surface (TEY cells). The
permeabilized cells (Fig. 5A,B). luciferase activity produced from the co-transfected reporter
For analysis of the luciferase activity induced by theplasmid was then compared (Fig. 6B). As can be seen in Fig.
teneurin-2 fusion constructs, HT1080 cells were cotransfecteB, luciferase activity obtained after transfection of BDAD-
with the respective BDAD-teneurin-2 constructs, the luciferaséTEY into the TEY cells was 2.6-fold higher than after
reporter plasmid, as well asfagalactosidase construct for transfection into HT control cells, whereas the opposite was
normalization of transfection efficiencies. As displayed in Figthe case for the BDAD-IT construct, which gave lower
6A, BDAD-ITE, BDAD-IT and BDAD-I did indeed lead to an luciferase activities in the TEY cells than in the HT control
induction of luciferase activity above the negative control (BDcells, with a ratio of 0.4 fold (Fig. 6B). Thus, we see a 6.5-fold
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A A BDAD BDAD- BDAD- BDAD-
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B 500000 50 = e &8
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£ 400000
=
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g 300000
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B 200000
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— 100000
0

zic - +

ALLN - + - +

Fig. 5. Expression of fusion proteins between teneurin-2 and the
recombinant transcription factor BDAD. Western blot analysis (A)
and immunofluorescence staining (B) of BDAD and three different
BDAD-teneurin-2 fusion constructs in HT1080 cells using anti-Gal4
C T R control calls antibodies. (A) Transient transfection with constructs pBBIF
expressing BDAD, BDAD-I, BDAD-ITE and BDAD-ITEY in the
presence (+) or absence (-) of ALLN, as indicated above the lanes.
(B) Immunofluorescence analysis of permeabilized cells transfected
with BDAD-| and of non-permeabilized cells with either BDAD-ITE
or BDAD-ITEY using anti-Gal4 to detect BDAD-I and anti-teneurin-
2 for BDAD-ITE and BDAD-ITEY. Staining of BDAD-ITE- or
BDAD-ITEY-transfected cells with anti-Gal4 after permeabilization

2 resulted in addition to the cell surface staining in ER and Golgi

ol 7 staining, but no nuclear staining could be detected (data not shown).
Ponasterone — + — + BDAD-I did not accumulate in PML bodies but was diffusely
distributed throughout the nucleus and was strongly protected from
degradation in the presence of the proteasome inhibitor ALLN. Bar,
Fig. 4. Teneurin-2 attenuates the transcriptional activity of zic. 20 um.

(A) Expression of teneurin-2 | could be induced by addition of

increasing concentrations of ponasterone in ECR-293 cells stably

transfected with the teneurin-2 construct |, and the addition of ALLN inal half of th lul d . bl
resulted in the stabilization of the teneurin-2 | protein. C-terminal half of the extracellular domain are able to

(B) Transcriptional activity of zic was studied by transfecting pxp2- Stimulate the release of the intracellular domain of teneurin-2,
APOEL89 alone (- zic) or together with a zic-expressing construct (s indicated in the model presented in Fig. 6C.

zic) into the teneurin-2 | stable transfectant EcR-293-1 cells in the The induction of luciferase activity following transfection of
absence or presence of proteasome inhibitor ALLN (—/+ ALLN).  BDAD-ITEY could again be markedly upregulated by the
Luciferase activity was dependent on the presence of zic, and addition of protease inhibitors, such as ALLN and lactacystin
induction of teneurin-2 | by ponasterone resulted in decreased  (Fig. 7A). Thus, also the cleaved intracellular domain is subject
luciferase expression, which was even more pronounced in the to rapid degradation by the proteasome pathway. This was
presence of ALLN, which is known to stabilize teneurin-2 1. confirmed when the ITE protein of transfected cells was

(C) Transcriptional activity of zic after transfecting pXRROEL89 .
alone (- zic) or together with a zic expressing construct (+ zic) into analysed on a western blot. The addition of ALLN led to the

EcR-control cells. Addition of ponasterone had no effect on the  Stabilization of two particular cleavage products, of which one
resulting luciferase activity measured. matched the size of the entire intracellular domain and one was

a fragment thereof (Fig. 7B, arrow and arrowhead).

Taken together, we conclude that the activity of the
induction of luciferase activity of BDAD-ITEY in TEY cells luciferase reporter gene originated from cleavage of the
compared with BDAD-IT-transfected cells. When we did theBDAD-teneurin-2 fusion proteins at (or in the vicinity of) the
same experiment comparing transfection of BDAD-ITEY withmembrane. However, cleavage of full-length teneurin-2 led to
BDAD-IT into TE cells versus HT control cells we did not seea significant induction of the luciferase gene only when
any difference between the two transfected constructs and tpeocessing was upregulated by homophilic binding of the
fold induction remained 1.0 (Fig. 6C; Table 1). Each of thesextracellular C-terminal part of teneurin-2. Furthermore, the
experiments was repeated five times with consistent resultdeaved intracellular domain is subject to rapid degradation by
(Table 1). We, therefore, conclude that interactions through thae proteasome pathway.
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Fig. 6. The intracellular domain of teneurin-2

is released from the cell membrane.

(A) Detection of nuclear activity of
transmembrane BDAD-teneurin-2 fusion
proteins by induction of a luciferase reporter
gene. HT1080 cells transfected with various
BDAD-teneurin-2 fusion constructs and a
construct expressing only BD (negative
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control) were analysed for luciferase activity
of the co-transfected luciferase reporter C
plasmid. (B) Luciferase activity obtained by
transfection of BDAD-ITEY (left bars) or

BDAD-IT (right bars) into HT1080 control

cells (bars a, HT-control) or cells stably
expressing TEY (bars b, TEY cells). The ratio

of the values obtained for each construct in

TEY cells versus the values obtained in HT-
control cells is given above the bars. (C) A

model is proposed for the activation of the

release of the intracellular domain by

homophilic interaction between the C-terminal
parts of the teneurin-2 extracellular domains

on the basis of the data presented in this figure
and in Table 1, showing a 6.5-fold induction

of luciferase activity of BDAD-ITEY/BDAD-

IT in TEY cells, whereas no difference is

obtained when the same experiments are
performed in TE cells (data of Table 1).

Fold induction: 6.5 1.0

TEYcells TE cells

1AD[ED]

I -
BDAD-ITEY TEY TE

Table 1. Induction of the release of the intracellular
domain of transfected teneurin-2 constructs in cells
constitutively overexpressing the entire extracellular

domain

Ratio of Induction of
Cell lines Transfected luciferase BDAD-ITEY/
compared construct activity BDAD-IT
TEY/HTcontrol BDAD-ITEY 2.9+0.2
TEY/HTcontrol BDAD-IT 0.5+0.1 5.8
TE/HTcontrol BDAD-ITEY 2.4+0.1
TE/HTcontrol BDAD-IT 2.3+0.5 1.0

The data presented are the average of five independent experiments for

each condition.

Discussion

such an interaction could be shown for the respective vertebrate
homologues. The zinc finger transcription factors zic-1 to -4
have been proposed to be the vertebrate homologuegaof
(Aruga et al., 1996). It was shown that zic-1 and -2 are able to
activate transcription from the apolipoprotein E promoter
(Salero et al., 2001). We therefore tested whether teneurin-2
would influence the activation by zic-1 of a luciferase gene
controlled by the ApoE promoter. We found that teneurin-2
repressed the zic-1 activity. At the same time the presence of
zic-1 influenced the subnuclear localization of teneurin-2.
Although teneurin-2 alone was present in PML nuclear bodies
it became diffusely distributed in the nucleus in the presence
of zic-1. This diffuse distribution coincided with a rapid
degradation of teneurin-2. Thus on the one hand zic-1 causes
downregulation of teneurin-2 expression and on the other hand
teneurin-2 reduced zic-1-mediated transcriptional activation of

In this paper we show that teneurin-2 is a membrane-bourttle apolipoprotein E promotor.

transcription regulator. This could explain the pair-rule The genetics iDrosophilaimply that ten-m and opa interact
phenotype of ten-m mutants Brosophila where ten-m was to induce the transcription of the same downstream target genes
shown to be epistatic to opa and to regulate the expression @aumgartner et al., 1994). Furthermore it is known that opa

downstream target genes suclpas; slp or gsb(Baumgartner

is expressed throughout the segments and ten-m only in the

et al., 1994). The authors postulated that ten-m may influenggrt of the segment where the downstream genes are induced
the activity of opa. For this reason we investigated whethgBaumgartner et al., 1994). On the basis of our results we
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Fig. 7. Proteasome inhibitors stabilize the cleaved intracellular
domain of teneurin-2. (A) Comparison of luciferase activities
induced by transfection of BDAD-teneurin-2 (BDAD-ITEY) in the
absence (-) or presence of protease inhibitors (A, ALLN; L,
lactacystin). (B) Western blot analysis of ITE- and I-transfected
COS-7 cells showing cleavage products of ITE, which were
stabilized by ALLN. Each lane was loaded with the same amount df
cell extracts from parallel cultures treated or not treated with ALLNg
to ensure equal protein loading. Proteins were detected by anti-VSy
antibodies. One of the stabilized cleavage products corresponded #® 0
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therefore speculate that opa could act as a transcriptionfr our inability to directly detect the cleaved intracellular
repressor and that the repressor function is interfered with ldomain of teneurin-2 in the nucleus by immunohistochemistry.
ten-m. Thus, both ten-m and opa are required to determine Cleavage of Notch is induced by interaction with its
localized transcription of their target genes in segmentdieterophilic ligand Delta (for a review, see Artavanis-Tsakonas
stripes. Also, in vertebrates, functional interaction in vivo ofet al., 1999). In the case of teneurin-2 we found that homophilic
zic proteins with teneurin family members is not unlikely, sincenteractions can induce the release of the intracellular domain.
they may be co-expressed in many tissues and both appeafTtus is interesting considering our previous observation that
be involved not only in regulating neuronal development buheurons making up functional circuits in the avian visual
possibly also limb pattern formation (Aruga et al.,, 2002asystem express the same type of teneurin molecule (Rubin et
Rubin et al., 2002; Nagai et al., 1997; Tucker et al., 2001) al., 2002). Therefore, promotion of the release of the
For the transmembrane protein teneurin-2 to function as iatracellular domain of teneurin-2 could be the mechanistic
transcription regulator the release of the intracellular domaibasis by which growing axons realize that they have reached a
is indispensable. To date, two types of proteolytic mechanisnmoper target, namely another neuron expressing teneurin-2.
have been shown to account for such a release of tl&nce homophilic interaction leads to only a moderate
intracellular domains involved in transcription control, namelyactivation of the release of the intracellular domain, we cannot
regulated intramembranous proteolysis RIP by eititer exclude the possibility that more potent mechanisms exist by
secretase or S2P  (site-2-protease) or regulateidteraction with yet-to-be identified heterophilic ligands. The
ubiquitin/proteasome-dependent processing RUP (Hoppe etleased intracellular domain could then turn on a gene
al., 2001). In the case of teneurin-2, RUP is unlikely to bexpression program to stabilize the connection to differentiate
responsible for the cleavage since proteasome inhibito@nd to build synapses. In this respect teneurin-2 would
enhance the presence of the cleaved intracellular domaicounteract the action of zic, which by itself was shown to
However, levels of the intracellular domain of teneurin-2 seerpromote the expansion of neuronal progenitors (Aruga et al.,
to be tightly controlled by degradation through the proteasom2002b). This would fit our present observation that
pathway. Under conditions where the intracellular domain ofranscription from at least one zic target gene, naphf
teneurin-2 is localized in PML bodies the teneurin-2 protein iss downregulated by teneurin-2.
stable. In contrast, conditions leading to a diffuse nuclear
expression, as is the case for the teneurin-2 | BDAD fusion We are very grateful to Ronald M. Evans, Jun Aruga and Francisco
protein or the soluble intracellular domain in the presence dkafra for the generous provision of plasmids, and we would like to

zic, result in the degradation of the protein, which can pdhank Francois Lehembre for helpful suggestions. We also would like
f ' to thank Marianne Brown-Luedi for help with the western blots of

inhibited by the proteasome inhibitors ALLN and lactacystin. .
- R . . . _teneurin-2.
These findings are intriguing in the light of recent discoveries
concerning the regulation of transcription by ubiquitin, which
causes a rapid turnover of the ubiquitinylated transcriptiogaferences
factors (Molinari et al., 1999; Salghetti et al., 2001; Conawa: " .
L ’ . oETE nnaert, W. and de Strooper, B.(1999). Presenilins: molecular switches
et al., 2002). Interestingly, one of the first proteins discovered petween proteolysis and signal transductiends Neurosc2, 439-443.
to function through RIP, SREBP, is also subject to rapichrtavanis-Tsakonas, S., Rand, M. D. and Lake, R. J(1999). Notch
degradation by the ubiquitin-proteasome pathway (Hirano et signaling: cell fate control and signal integration in developnfécience
al., 2001). The same is true for Notch, which is the most 284 770-776. o .
. | tudied example of a membrane-anchore ruga, J., Nagai, T., Tokuyama, T., Hayashizaki, Y., Okazaki, Y.,
mtense_y_ S p . Chapman, V. M. and Mikoshiba, K. (1996). The mouse zic gene family.
transcription factor functioning through RIP. Cleaved Homologues of thérosophila pair-rule gene odd-paired. Biol. Chem
fragments of Notch could not be identified at first owing to 271 1043-1047. _ o _
rapid downregulation in proteasomes simultaneously with éruga'blil'”%“e' |T HOS':'.”O' J. and :\."'kos.q;‘bfz"m'if\lzooza):zzz'cgfg';‘;‘é's
low sensitivity in the detection methods (Chan and Jan, 1998 = L e i O e Mikoshiba. K (5009D). 21
. ruga, J., Tohmonda, T., Homma, S. and Mikoshiba, K(2002b). Zicl
Annaert and De Strooper, 1999; Kopan and Goate, 2000;pr0motes the expansion of dorsal neural progenitors in spinal cord by

Schroeter et al., 1998). The same problem might be responsiblenhibiting neuronal differentiatiorDev. Biol 244, 329-341.
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