RESEARCH ARTICLE

Neoplasia e Vol. 1, No. 6, December 1999, pp. 526-536 526 ”

Available On-line at http://www.neoplasia.org

Tel, a Frequent Target of Leukemic Translocations, Induces
Cellular Aggregation and Influences Expression of Extracellular

Matrix Components’

L. Van Rompaey, W. Dou, A. Buijs and G. Grosveld

Department of Genetics, St. Jude Children’s Research Hospital, Memphis, TN

Abstract

Tel is an Ets transcription factor that is the target of
chromosome translocations in lymphoid and myeloid
leukemias and in solid tumors. It contains two functional
domains, a pointed oligomerization domain and a DNA-
binding domain. Retroviral transduction of a wild-type
Tel cDNA into a clonal subline of NIH3T3 fibroblasts
resulted in a striking morphologic change: at con-
fluency, the cells reorganized into a specific “bridge-
like’” pattern over the entire surface of the culture dish,
and started migrating, thereby leaving circular holes in
the monolayer. Thereafter, formation of cellular cords
became apparent. This sequence of events was inhib-
ited by coating the culture dishes with fibronectin and
collagen IV. Retroviral transduction of Tel into MS1
endothelial cells reproduced the aggregation pheno-
type, but not the cellular cord formation. Tel-mutagen-
esis showed that both the pointed domain and the DNA-
binding domain of Tel are required for the morphologic
change. Other Ets family genes, Fli-1 and Ets-1 that are
both endogenously expressed in endothelial cells,
could not induce this morphologic change. Exogenous
Tel expression is associated with transcriptional upre-
gulation of entactin/nidogen, Smad5, Col3a1, CD44 and
fibronectin, and downregulation of Col1al and secre-
tory leukocyte protease inhibitor. Interestingly, Tel,
Smad5, fibronectin, Col1al and Col3al all have essen-
tial roles during vascular development.
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Introduction

Tel/ETV6 is a nuclear phosphoprotein, discovered when
studying the t(5;12) present in a subgroup of CMML
patients. The N-terminal part of Tel, containing the pointed
protein interaction domain (PNT), was fused to the C-
terminal part of the PDGFRS [1-3]. Subsequently, Tel was
found to be involved in many more translocations in both
myeloid and lymphoid leukemia, but also in solid tumors.
One class of translocations is characterized by the fusion of
the N-terminus of Tel, including the PNT to the C-terminal
domains of the tyrosine kinases harboring a kinase moiety.
In addition to PDGFRg, Tel was found to be fused to Abl in
the t(9;12) (q34;p13), to Jak2 in another t(9;12) (p24;p13),

and to the neurotrophin 3 receptor (NTRK3/TRKC) [1,4-9].
The latter fusion protein was found in cases of congenital
fibrosarcoma, mesoblastic nephroma and myeloid leukemia.
In another category of translocations, Tel is fused to
transcription factors. The fusion of the N-terminal half of
Telto AML-1, resulting from a t(12;21) is seen in about 15%
to 25% of cases of childhood pre-B cell leukemia [10—13].
The Tel-AML-1 fusion is often accompanied by loss of the
remaining wild-type Tel allele [14—16]. In the t(12;22) and
t(4;12), both associated with myelodysplasia, MN1- and
BTL-genes, respectively, were fused to Tel [17,18]. Both
fusions harbor the DNA-binding domain (DBD) of Tel and
therefore make up a unique class of Tel fusion proteins.
Another Tel-translocation linked to myelodysplasia, fuses the
N-terminus of Tel, excluding the PNT domain and the DBD,
to the entire MDS1/EVI-1 or EVI-1 proteins [19]. Recently,
in a case of acute myeloid leukemia, the N-terminus of Tel
was found fused to the homeobox protein CDX2 [20].
Despite the plethora of characterized translocations
involving the Tel gene, the physiology of Tel remains largely
unknown. Tel is ubiquitously expressed and encodes two
protein isoforms (p50 and p60), generated by usage of the
first or second start codon of the open reading frame. Tel
contains three putative MAPK - sites, of which one is unique to
the longer isoform. To date, no Tel-target genes have been
identified. A Tel knock-out (KO) study revealed that the
gene product is essential during murine development.
Defects in angiogenesis of the yolk sac and intra-embryonic
apoptosis were apparent [21]. As the Tel =/~ embryos died
around E10.5, the same research group generated mouse
chimaeras using Tel~/ ~ ES cells. They showed that Tel has
an essential role in the homing of the hematopoietic system
from fetal liver to bone marrow, but is dispensable for the
development of the hematopoietic system [22]. A yeast
two-hybrid screen using most of the Tel-protein as a bait
and a library derived from hematopoietic stem cells, showed
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interaction of Tel with Fli-1 and with itself [23]. The latter
was also found by Jousset et al. (1997) [2]. However, their
study showed that not all PNT -containing Ets factors, such
as Ets-1, Erg-2 and GABPq, interact with Tel.

To identify possible Tel-target genes, we retrovirally
transduced mouse fibroblast with the Tel cDNA. As this
resulted in a striking morphologic change of the fibro-
blasts, we studied this phenomenon more in depth. We
found that this phenotypic change was highly Tel-specific
and required both its PNT and DBD domain. We identified
differentially expressed genes encoding proteins involved
in extracellular matrix (ECM) build-up. We discuss the
similarity of the phenotype to that of endothelial cells that
differentiate to tubes in vitro, and its potential physiological
relevance for tumorigenesis and vasculogenic mimicry in
particular.

Materials and Methods

Constructs

Construction of MN1-Tel type I, Tel-APNT, VP16-Tel,
Tel-DBD mutant (R396L;R399L) and wild-type Tel con-
structs are described by Buijs et al. (submitted). Site-
directed mutagenesis was performed using the Mutagene®
kit (BioRad) according to the manufacturer’s directions. The
following oligonucleotides were used: CCTCGAGCGCT-
CAGGATcGAG (M43C), ACACCTCCAGAGgccCCAGTG-
CCGAG (S22A) and ACACCTCCAGAGgaaCCAGTGCC-
GAG (S22E). A second Tel-DBD mutant (R396K;R399K)
was made using overlap - polymerase chain reaction (PCR)
and the oligonucleotides: GAGAAAATGTCCaaaGCCCT-
GaaaCACTACTACA (sense) and TGTAGTAGTGHtCAG-
GGCttGGACATTTTCTC (antisense). Tel-mutants were
subcloned into the pSRa-TK/CD8 retroviral vector (see
Buijs et al., submitted). Full-length cDNA encoding Ets-1
(J. Ghysdael), Fli-1 (S. Baker) and Scl/Tal-1 (R. Baer)
were also subcloned in pSRa-TK/CD8.

Cell Culture and Retroviral Transduction

NIH3T3-UCLA cells were obtained from O. Witte [24,25]
and MS1 cells were purchased from ATCC. NIH3T3-UCLA
cells are a clonal derivative of mouse fibroblasts obtained by
the 3T3 protocol. NIH3T3-UCLA cells differ from NIH3T3 in
that they adhere loosely to the substratum and that they are
spindle-shaped. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/10% fetal calf serum (FCS)
containing penicillin/streptomycin. Retroviral supernatants
were prepared by transfecting 2x10° 293T cells, seeded in a
10-cm dish, with 4 1.g of ecotropic helper plasmid (Psi2) [25]
and 4 ug of pSRa-retroviral construct using Lipofectamine-
Plus (Gibco). Virus-containing supernatant was harvested
24, 43, 48, 53 and 70 hours after the start of transfection,
filtered through 0.45 um filters and frozen at —80°C. For
retroviral transduction, cells were seeded at 2x10% in a 10-
cm dish or at 5x10%/well in a six-well plate and incubated for
4to 6 hours in the presence of 8 g/ ml of polybrene, using 4.5
or 1 ml of viral supernatant, respectively.
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Indirect Immunofluorescence

Retrovirally transduced cells, seeded on microscope
slides, were fixed in 3.5% paraformaldehyde for 20 minutes,
washed 3 times for 10 minutes with phosphate-buffered
saline (PBS) and incubated in blocking buffer (2% non-fat
dry milk) containing 0.2% Triton X-100 for 30 minutes. Cells
were then incubated for 1 hour with polyclonal antisera,
diluted in blocking buffer containing 0.2% Triton X-100. The
polyclonal antiserum, raised against a C-terminal Tel-
peptide was immuno-affinity purified on a peptide column
before use (Buijs et al., submitted). Antisera raised against
Fli-1, fibronectin and Scl/Tal-1 were obtained from Santa
Cruz, Sigma Chemical Co. and R. Baer (U.T. South-
western), respectively. Slides were washed three times for
5 minutes in PBS and subsequently incubated with a
donkey - anti-rabbit/Cy3 labeled secondary antibody (Amer-
sham). Digital images were acquired using a SPOT®-
camera (Diagnostic Instruments Inc.).

Differential Expression Analysis

Differential expression was studied in a systematic
fashion using ATLAS cDNA arrays (Clontech), Mouse
GDA filters (Genome Systems) and oligonucleotide chips
(Affymetrix). Total RNA was isolated from vector- and Tel-
transduced cells using Trizol (Gibco) and processed for
labeling and hybridization to the DNA chips or filters
according to the manufacturer’s instructions. Significant
differential expression was assessed electronically (DNA
chips) or by visual examination of autoradiographs (filters)
or Phosphorlmager (Molecular Dynamics) scans. IMAGE
clones representing putative differentially expressed clones
were purchased from Genome Systems and their identity
was verified by restriction digests and DNA sequencing. A
Smad5 probe, used for in situ hybridization [26], was
obtained from A. Zwijsen and D. Huylebroeck (Leuven,
Belgium). Inserts were amplified by PCR using a T3/T7 or
an M13 primer set, or generated by restriction enzyme
digestion. The resulting fragments were then purified from
the reaction mixtures (QiaQuick and QiaExll, respectively;
Qiagen). Probes were prepared by random - primed labeling
using *P-dATP or %2P-dCTP and diluted in UltraHyb
(Ambion) at 1x10® cpm/ml. Membranes were hybridized
for 20 hours at 42°C in UltraHyb (contains 50% formamide)
and washed at high stringency (0.1% sodium dodecyl
sulfate (SDS), 0.1 xSSC at 65°C). The hybridization results
were quantified using a Phosphorimager (Molecular Dy-
namics). The expression level of actin mRNA was used to
normalize data.

Results

A subline of mouse NIH3T3 fibroblasts (NIH3T3-UCLA)
[24,25] was transduced with retroviruses encoding the wild-
type Tel cDNA and with a vector control. At confluency, the
Tel-transduced cells underwent a morphologic change
(Figure 1A, 4-6), whereas the vector-transduced cells
remained as a flat monolayer (Figure 1A, 71-3). This
became apparent at day 5 postinfection (pi) at which the
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Figure 1. Transduction of NIH3T3-UCLA fibroblasts with a Tel retroviral construct results in cellular cord formation. 5x 10* Fibroblasts were seeded in six-well
plates and transduced with retroviruses containing vector sequences (1 — 3) or containing Tel coding sequences (4 —9). (A) The panels show monolayers at day
5 (A.1and 4), day 6 (A.2and 5) and day 7 (A.3 and 6) after transduction. Cellular cord formation became apparent on day 7 pi., for Tel- infected cells only.
Phenotypic changes became apparent on day 5, at confluency, when “bridging” of cells started. On day 6, holes started to appear and from day 7 on, cellular cord
formation started. (B) Tel-transduced cells were seeded on bacterial - type culture dishes or on dishes coated with fibronectin at various concentrations (7: 0.1 ug/
ml; 8: 0.5 ug/ml and 9: 2.5 ug/ml). Aggregation and cellular cord formation were only observed in dishes coated with low amounts of fibronectin.

monolayer of Tel-transduced cells was no longer flat, but
showed relief. We termed this phenomenon “bridging.” On
day 6 pi, the bridging became more extensive and holes
started to appear in the monolayer. On day 7 pi, the holes
were much bigger and the formation of cellular cords, tightly
associated strings of cells, started. The latter structures
seemed to result from the compaction of the cells forming
“bridges.” From day 7 pi onwards, most of the cells were
present in aggregates that were still attached to the dish, or
in floating cellular cords still connected to adherent patches
of cells. The cells in the cords were alive as they failed to
stain with trypan blue. Moreover, after trypsinization of the
aggregates and reseeding at subconfluency, almost all cells
reattached to the culture dish, grew to confluency and
repeated the sequence of events described above.

The observations pointed toward an increased cell-cell
adhesion, or decreased cell substrate binding of the Tel-
transduced versus control cells. We therefore tested whether
the phenotype was subject to differences in cell-substrate
binding. Tel-transduced and vector - transduced control cells

were seeded on bacterial tissue culture dishes that were
coated with different concentrations of fibronectin. The Tel-
induced phenotype was still apparent when plates were
coated with low concentrations of fibronectin (0.1 and 0.5
ng/ml) (Figure 1B). Higher coating densities (higher than
2.5 ug/ml) inhibited the morphologic change. Cells did not
spread or grow on the non-coated plates. Coating of the
plates with collagen type IV produced the same results as
with fibronectin (data not shown).

To map the domains of Tel that were needed to induce
this phenotype, cells were retrovirally transduced with
mutants of Tel or with Tel fusion genes (Table 1). To study
whether the phenotype was Tel-specific or whether it was a
general feature of PNT-domain containing Ets factors, we
used two other Ets family members that contain a PNT
domain and that are expressed in endothelial cells, Ets-1
and Fli-1 [27,28]. Finally, we also tested the possible
involvement of Scl/Tal-1 in this process since this bHLH
transcription factor is essential for angiogenesis in the yolk
sac during mouse development [29]. Retroviruses harbour-
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Table 1.
Subcellular Cord
Exogenous cDNA Characteristics Localization’ | Formation
TEL E=| [[[[[I[] |-witc-typeTel Ne *
APNT KA [T "] |- etetion of PNT domain N,C )
Mic 4 — [[[{{{[ | |- mactivation of 1st startcodon N +
S22A = [TITTIT | |- nactivation of 1st MAPK-site N,c +
Mimickin osphorylation

S22E H= [T | ot mnpnoaite Nie ¥

- Inactivation of 1st MAPK-site;
S22A;:M43C k*@ I ”I l ” I Inactivation of 2nd startcodon N,c +

- Inactivation of 1st MAPK-site;
S22E;M43C F‘*E I I [ I I ” | Inactivation of 2nd starcodon N.c o+
M43C E= [{[{[I[ | |-mactivation of 2nd startcodon N,c +
Rag6L;R390L [ =] [N |Aveiishing BNA-Hincing G -
R396K;R399K [ =] [[HU/El |- Abolishing DNA-binding Ne -
[ mn1 /7 | = TEL [T ] |- Oncogenic tusion protein N,speckled -

7 - Strong transactivation domain

| _vpis | H 1L I | |combined with Ter's bBD Nig .
Scl/Tal1 | = | |-PHLH transcription factor N -
Fli1 | = [{]1]]] | | - Ets transcription factor N -
Ets1 [ = [[[{[I[ | |[-Ets transcription factor nd -

*: N=nuclear; nd: not determined ; C and c: cytoplasmic, but denoting that more than 50% or less than 15%

respectively, localizes in the cytoplasm

ing the respective cDNA were prepared and used to infect
NIH3T3-UCLA cells. We tested the infection efficiency,
ectopic expression, subcellular distribution and induction of
the morphologic changes for all constructs. Transfection
efficiencies were assessed by immunofluorescence and
found to be over 95% for all constructs. Western blot analysis
revealed that exogenous protein levels were highly elevated
over endogenous levels (Figure 2A). Only VP16-Tel and
MN1-Tel were expressed moderately. The first panel
(Figure 2A) shows a long exposure of the blot, visualizing
endogenous Tel (first lane) and VP16-Tel. The subcellular
localization of most ectopically expressed proteins was
nuclear (Figure 2B). The cells expressing the highest levels
of exogenous Tel and most of the Tel-mutants showed both
cytoplasmic and nuclear localization (exemplified in Figure
2B, 2: Tel-transduced cells). Deletion of the PNT domain of
Tel, or replacement of the two highly conserved Arg residues
(Arg396,399) [30] with Leu or Lys residues in the DBD,
resulted in complete (R/L) or partial (R/K and APNT)
cytoplasmic localization (Figure 2B, 9— 11). The MN1-Tel
protein localized to the nucleus, but was also found in
speckles in both cytoplasm and nucleus (Figure 2B, 12).
The phenotypic change was not observed for Tel-mutants
that lacked the PNT domain or that contained Arg396,399
point mutations (Table 1). In contrast, all Tel-proteins
containing both intact domains (Tel, M1C, S22A, S22E,
S22A;M43C, S22E;M43C, M43C; Figure 2, 2— 8) induced
the morphologic change with similar kinetics and to a similar
extent as wild-type Tel. Expression of fusions of the
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transactivating domains of VP16 or MN1 to the N-terminus
of the Tel protein did not result in a phenotypic change at
confluency (Figure 2B, 12and 13). Also retroviral transduc-
tion of the transcription factors Ets-1, Fli-1 and Scl/Tal-1
did not induce the phenotypic change (Figure 2B, 14 and
15). Ets-1, however, did induce a limited amount of
“bridging,” but the bridges were thinner and smaller than
those observed for Tel (data not shown) and never
progressed into cord formation. These results showed that
the observed phenotype is highly specific for Tel and that the
two functional domains of Tel are required.

The changes in morphology induced by exogenous Tel-
expression closely resembled tube formation of endothelial
cells [31,32]. Since Tel plays a role during angiogenesis in
the yolk sac [21], we analyzed whether the observed cellular
cords were hollow tubes, resembling those formed by
primary endothelial cell explants. Cellular cord structures
were therefore dissected from the culture dish and prepared
for electron microscopy (EM). Cross-sections of large
cellular cords (Figure 3A and B) revealed that the inner
part of the cords is not hollow, but filled with fibroblasts.
Examination of small cords of only one to two cells thick at
any given cross section was inconclusive, since in some
sections, they appeared hollow and in others not. Figure 3C
shows the outer cell layer of a large cellular cord at high
magnification (x80,000), consisting of thin and long cells.
Polarized deposition of a basement membrane was ob-
served (Figure 3C, arrows), only at the outer side of the
cells that line the cord.
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Figure 2. Analysis of expression levels and subcellular localization of Tel, Tel mutants, Tel homologues and Scl/Tal- 1. NIH3T3- UCLA cells were transduced with
the various retroviruses and replated 3 days pi. (A) Cells were harvested and subjected to Western blot analysis. (B) Cells were seeded 3 days pi on microscope
slides and processed for immunofluorescent observation. The presence and subcellular localization of the exogenously expressed proteins was studied by indirect
immunofluorescence. Polyclonal antisera were used to detect endogenous Tel (1), exogenous wild - type Tel (2), Tel-M1C (p50) (3), Tel-M43C (p60) (4), Tel-
S22A (5), Tel-S22E (6), Tel-S22A;M43C (7), Tel-S22E; M43C (8), Tel-R396L;R399L (9), Tel-R396K;R399K (10), Tel-APNT (11), MN1-Tel (12), VP16-
Tel (13), Fli-1(14) and Scl/Tal-1 (15). Subcellular localization is summarized in Table 1 by “N” stands for nucleus, and “C” or “c” for cytoplasm. “C” and “c”
denote that the majority, respectively, the minority of the exogenous protein is expressed in the cytoplasm.

Although Tel did not induce these fibroblasts to induce
bona fide tubes, we tested if it would induce such structures
in endothelial cells. We therefore retrovirally transduced Tel
into the mouse endothelial cell line MS1. At confluency,
these cells showed significant “bridging” when compared to
the vector-infected control cells (Figure 4, 1 vs 2), but no
further phenotypic changes were observed during the

following days. When the cells were left in their conditioned
medium for a week or longer, cell death was observed in both
cultures, as judged by the presence of floating cells.
Surprisingly, Tel-transfected endothelial cells did not show
a random depletion of the monolayer. Circular and half-
circular patches of cells were observed (Figure 4, 3and 4),
reminiscent of the holes formed in the monolayers of Tel-
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Figure 3. Large cellular cords do not contain a lumen. NIH3T3-UCLA cells,
transduced with Tel-expressing retrovirus, were prepared for EM. (A)
Cross - sections revealed that the inner part of the cord is not hollow, but filled
with fibroblasts. Picture was taken using light microscopy; original magnifica-
tion, x200. (B) EM picture of the outer layer of the cellular cord; original
magnification, x2500. (C) Original magnification, x80,000. Arrows indicate
the deposited extracellular matrix.

transduced NIH3T3-UCLA cells. The cells within these
circular patches were thus protected from cell death for a
longer time. As extracellular matrices are known to deliver
survival and proliferative signals to the surrounding cells
through cell adhesion molecules [33,34], an observed non-
random deposition of ECM could explain the observed Tel-
specific phenomenon.

Fibronectin is produced by many cell types and is a major
constituent of basement membranes. Coating of culture
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dishes with fibronectin also suppressed the Tel-induced
morphologic change (Figure 1, 9). We therefore studied
fibronectin expression in Tel- and vector-transduced
NIH3T3-UCLA cells. Transfected cells were grown on glass
slides for 3 days and their fibronectin content was visualized
by indirect immunofluorescence. In several independent
experiments, we consistently observed a lower level of
intracellular and fibrillar fibronectin in vector-transduced
cells than in Tel-transduced cells (Figure 5). The increase
of fibronectin levels in Tel-transduced cells corroborated
with a modest, but consistent increase of 50% of fibronectin
mRNA on Northern blots of Tel-transduced cells over that of
control cells (Figure 6).

Since the occurrence of the cellular cords depended on
the presence of Tel molecules harboring the wild-type PNT
domain and DBD, we embarked on a systematic search for
differentially expressed genes. Total RNA from Tel- and
vector control-transduced NIH3T3-UCLA cells was used to
prepare *2P-labeled cDNA for filter hybridizations and
biotinylated cRNA for oligonucleotide chip hybridizations.
About 1 in 100 of the spotted cDNA showed a differential
hybridization signal. After Northern blot verification, this
number was reduced to about 1 in 500, at least for the clones
we analyzed. A similar frequency of differentially expressed
genes was observed when searching for putative p53 target
genes using the SAGE technique [35]. We limited our
Northern blot analysis of putatively differentially expressed
genes to those that supposedly function in ECM build-up or
cell adhesion. Six differentially expressed genes were found
in this way: entactin/nidogen, Col3A1, Smad5, CD44,
Col1A1 and secretory leukocyte protease inhibitor (SLPI)
(Figure 6A). The latter two were found to be downregulated
by Tel, the others upregulated. The differential levels of
expression were found to be modest, but consistent, ranging
between 1.3- and 3.0-fold.

Since Tel induced cellular aggregation in NIH3T3-UCLA
cells and MS1 cells, we assessed by Northern blot analysis
whether Tel also influenced expression of the seven
identified differentially expressed genes in MS1 cells. In
addition, we studied the effect of Ets-1 and Fli-1 over-
expression in NIH3T3-UCLA cells on these seven genes
(Figure 6B). In MS1 cells, only Smad5 and fibronectin
expression was detectable. These genes did not show
differential expression, excluding their involvement in the
Tel-induced aggregation. Both Ets-1 and Fli-1 induced
differential expression of several of the genes under study.
However, neither Ets-1 nor Fli-1 mimicked Tel's effect
closely.

Discussion

Exogenous expression of the Tel protein in NIH3T3-UCLA
fibroblasts resulted in a striking change in morphology that
became apparent only after cells had reached confluency.
Infection of the fibroblasts with viruses harboring cDNA that
encode mutants of Tel, showed that both the DBD and the
PNT domain were required to induce the phenotypic change.
This suggests that both protein-protein interactions and
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Figure 4. Tel induces aggregation of endothelial cells. MS1 cells (5x 10*/well) were seeded in six-well plates and transduced with retroviruses containing vector
sequences (1and 3) or containing Tel coding sequences (2 and 4). Cells were photographed at 9 days pi (1and 2), or at 14 days pi (3 and 4). Tel- transduced
cells clearly show bridging (2), whereas vector-transduced cells (1) remain as a flat and confluent monolayer. When the medium becomes depleted, the
monolayer of vector - transduced cells loses cells at random (3), whereas the Tel - transduced cells are not lost in a randomized fashion (4): cells that are present in

aggregates stay alive longer than those that do not form cell aggregates.

DNA binding by Tel are important for this effect. Fusion of
polypeptides with transactivating properties to the N-
terminus of Tel, such as VP16 and MN1, abolished the
phenotype. Together with the fact that the Ets family genes
Fli-1 and Ets-1 or the bHLH transcription factor Scl/Tal-1
failed to induce an appreciable level of cellular cord
formation, these observations make it likely that up- or
downregulation of specific Tel target genes is causally
involved in generating the phenotype. Whether any of the
seven identified differentially expressed genes directly
contributes to the phenotypic change remains to be
determined. Although the observed differential expression
was small, it should be noted that translation typically
produces 10° to 10* polypeptides of a single mRNA
molecule (R.A. Young, personal communication). This
amplification is fine-tuned by posttranscriptional and post-
translational modifications, further enhancing or quenching
the translational amplification effect. Thus, on the one hand,
small differences in mMRNA levels can cause a considerable
difference in protein levels. Conversely, differential mRNA
expression does not necessarily correlate linearly with
differential protein expression. We observed this for fibro-
nectin, where immunofluorescence analysis indicated a
more than two- to three-fold upregulation in fibronectin

protein levels, but Northern blot analysis revealed only a 1.4-
fold increase in mRNA level. The presence of endogenous
nuclear Tel (see Figure 2, 1) might be responsible for the
fact that we only see modest differences in expression levels:
overexpression of Tel can only show differences in target
gene expression against a background level of expression by
endogenous Tel.

Most of the differentially expressed genes we identified,
have been shown to be important players in ECM composi-
tion and cell adhesion, but their function does not directly
provide an explanation for the observed phenotype. How-
ever, gene ablation studies in mice revealed that Tel,
fibronectin, Smad5, Col1al and Col3a1 have important and
non -redundant roles in angiogenesis, at least during murine
development. We will therefore only discuss these differen-
tially expressed genes.

Fibronectin is a major ECM component, involved in cell
migration, differentiation and growth [36]. The targeted
disruption of the murine fibronectin gene resulted in
embryonic lethality around E10.5 and showed several
phenotypic abnormalities, one of which is defective yolk
sac angiogenesis [37]. Using immunofluorescence, the
Tel-induced upregulation of fibronectin was observed in
NIH3T3-UCLA cells, regular NIH3T3 cells and in primary
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Figure 5. Analysis of Tel-induced fibronectin upregulation. Vector- (V) and
Tel-transduced (TEL) NIH3T3-UCLA cells were seeded on microscope
slides and indirect immunofluorescence was performed using a polyclonal
antiserum raised against fibronectin. Images for “V” and “Tel” panels were
acquired at fixed exposure times using a SPOT® camera.

mouse embryo fibroblasts (L.V.R. and G.G., unpublished
observations). This suggests that Tel might have a
physiological role in upregulating fibronectin in vivo. Although
the aggregation phenotype was inhibited by high coating
densities of fibronectin, it is unlikely that the aggregation is
due solely to fibronectin upregulation. We anticipate that
more cell adhesion molecules and extracellular matrix
molecules will be involved. Since fibronectin expression
has tumor suppressor activity [38], its downregulation by
partial or complete loss of Tel might contribute to the
formation of tumors of fibroblast origin. This possibility is
exemplified by a published case of congenital fibrosarcoma
in which one Tel allele was fused to the neurotrophin 3
receptor, whereas the remaining allele was inactivated [8].
The loss of both Tel alleles in combination with a
presumptive constitutive tyrosine kinase signaling by Tel-
TRKCS3 will contribute to fibrosarcoma development. This
hypothesis endows Tel with a tumor suppressor function,
and it will be interesting to see if (partial) loss of Tel function
remains restricted to a few isolated cases or whether it is a
more general phenomenon in mesenchymal tumors.

Smad5 has been identified as a downstream effector of
BMP signaling [39]. Interestingly, the recently reported
Smad5 KO phenotype shows similarities to the Tel KO
phenotype as well as to those of transforming growth factor
(TGF) -8RIl and TGF-31 and endoglin [40—44]. Smad5
and Tel KO mice show a defect in yolk sac angiogenesis and
display mesenchymal apoptosis. These genetic data, com-
bined with our in vitro data suggest that Smad5 might be a
downstream target of Tel.
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The TGF- 3 pathway is known to enhance ECM produc-
tion, suggesting that Tel possibly functions in this pathway.
The Tel-induced upregulation of ECM components under-
scores this possibility, in particular in light of the fact that the
fibronectin KO phenotype also shows an angiogenic yolk sac
defect [37]. However, we have data that argue against a
common TGF-3/Tel pathway. Addition of purified TGF- 31
to NIH3T3-UCLA cells, transduced with Tel-encoding
retrovirus or a control retrovirus, did not induce or accelerate
aggregation and cord formation. Also, Tel does not seem to
increase expression of TGF-31, -2 or -3 in fibroblasts, as
measured by RPA (L.V.R. and G.G., unpublished observa-
tions).

The expression levels of the fibrillar collagens Col1a1 and
Col3a1 were specifically altered by exogenous Tel expres-
sion as Col4al or Col5a2 expression was not affected
(L.V.R., W.D. and G.G., unpublished observations). Col1a1l
and Col3a1 deficiencies can result in several disease states,
such as Ehlers-Danlos syndromes VIl and IV which are
characterized by fragile blood vessels and skin. Targeted
disruption of both genes in mice results in lethal phenotypes,
caused by rupture of major blood vessels. Col1a1 -deficient
mice die at E13, whereas Col3a1 KO mice die around birth
[45,46]. Moreover, Col1al deficiency during murine deve-
lopment resulted in mesenchymal cell death, a phenotype
that was also observed in Smad5- and Tel-deficient mice
[21,45]. The specific effect of Tel on Collal and Col3al
expression levels might therefore be of physiological
significance, at least during embryonic development.

The study of Tel KO mice and of chimaeras derived from
Tel~/~ ES cells, showed that Tel has essential non-
redundant functions in yolk sac angiogenesis and homing
of the fetal liver hematopoietic system to the postnatal bone
marrow [21,22]. Therefore, the lack of Tel expression in the
mesenchymal cell layer surrounding the endothelial cells
may result in insufficient deposition of ECM components that
provide a substrate for the endothelial cells to adhere to.
Similarly, insufficient deposition of cell adhesion substrate in
the postnatal bone marrow stroma might underlie the
hematopoietic homing defect. As CD44 has been implicated
in homing of T lymphocytes, it becomes relevant to study
whether it is a direct target gene of Tel and whether it is
involved in homing of the hematopoietic system during
development.

Microscopic examination of the Tel-induced phenotypic
change in NIH3T3-UCLA cells showed it to be similar to tube
formation of primary endothelial cells in vitro [47]. Cells
clustered, formed holes in the monolayer and cellular cords
appeared elevated above the substratum. Interestingly,
coating the tissue culture dishes with fibronectin and
collagen 1V, abolished these effects [31]. The similarity in
ultrastructure between cellular cord formation in our cell line
and endothelial tube formation in vitro might reflect a partial
overlap in transcriptional programs between the two types of
cells. This is also suggested by the Tel-induced aggregation
of both the endothelial MS1 cell line and the NIH3T3-UCLA
fibroblasts. Whether Tel's target genes are both necessary
and sufficient for the phenotypic change is an interesting
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Figure 6. Northern blot analysis of Tel-regulated genes. (A) Total RNA (15 ng/lane) derived from vector- and Tel-transduced NIH3T3-UCLA cells was loaded
on a denaturing (formaldehyde) 1% agarose gel and blotted onto positively charged nylon membrane. Northern blot strips were incubated with °2P - labeled probes
for 20 h, washed at high stringency (0.1% SDS, 0.1xSSC at 65°C) and analyzed in a Phosphorlmager. Representative results of at least three independent
experiments are shown. (B) Effect of exogenous Ets-1 and Fli- 1 in NIH3T3-UCLA cells and of Tel in MS1 cells on the identified differentially expressed genes.

Samples were processed as in A.

question. A comparison between changes in gene expres-
sion levels in NIH3T3-UCLA fibroblasts undergoing cellular
cord formation and primary endothelial cells undergoing tube
formation could reveal shared features in the induced
transcriptional programs. We could detect expression of
only fibronectin and Smad5 in the MS1 cells. In these cells,
Tel did not induce differential expression for these two
genes, indicating that they take no part in the Tel-induced
aggregation. Ets-1 and Fli-1 did induce differential expres-
sion for most of the seven genes in NIH3T3-UCLA
fibroblasts. However, neither of them showed a similar
pattern of differential expression as Tel. It is thus possible
that a specific combination of the identified differentially
expressed genes is causally involved in the observed cellular
cord formation.

It was recently shown that a tumor does not rely entirely
on endothelial cells for its blood supply [48]. Highly
metastatic uveal melanomas formed patterned networks of
interconnected channels, consisting of extracellular matrix
and melanoma cells, which guided red blood cells. This
process was aptly termed “vasculogenic mimicry.” These
channels could be reconstituted in vitro in 3D-matrices and

were shown to conduct fluid. Poorly invasive melanomas did
not form these channels. The presence of these networks in
the tumor samples correlated with poor prognosis in patients
(Refs. [48,49] and references therein). It also correlated
with a dedifferentiation of the melanocyte to a pluripotent cell:
cells stained for both vimentin and cytokeratin and they
expressed endothelial-specific genes (e.g., TIE-1). Addi-
tionally, several extracellular matrix components including
fibronectin, were upregulated when highly metastatic versus
poorly metastatic melanomas were compared. In this work,
we observed deposition of basement membrane at the
outside of large extracellular cords, a function uncharacter-
istic of fibroblasts. We also found fibronectin expression
upregulated, and Western blot analysis showed the pre-
sence of both vimentin and cytokeratins in the NIH3T3-
UCLA cells (L.V.R. and G.G., unpublished observations),
whereas cytokeratins are not normally expressed in fibro-
blasts. In addition, when one seeds NIH3T3-UCLA cells on
Matrigel, a 3D-matrix that has many features of a basement
membrane, they form a tesselated pattern of interconnected
cells just as endothelial cells do (L.V.R. and G.G.,
unpublished observations). These data point to a dediffer-
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entiated phenotype of NIH3T3-UCLA cells. It is very likely
that many more cell lines have pluripotent features, such as
ECV-304 that is derived from a human bladder tumor (note
in Ref. [49]). Also, highly aggressive astrocytomas isolated
from patients, showed a phenotype in a culture dish that is
similar to that of Tel-overexpressing NIH3T3-UCLA cells
(E. Holland, personal communication). Marker analysis
further indicated that these astrocytomas had reverted to a
more progenitor-like cell type. This conversion correlated
with increased aggressiveness of the tumor.

The highly specific role that Tel plays in induction of
cellular cord formation in NIH3T3-UCLA cells and aggrega-
tion of MS1 cells, together with Tel's role in angiogenesis
during murine development, warrants further study of Tel's
involvement in tumorigenesis and vasculogenic mimicry.
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