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Transforming growth factor-g (TGF-8) antagonizes
the cytotoxic function of tumor necrosis factor (TNF).
By differential display and library screening, we iso-
lated a murine TIF2 (TGF-B-induced factor 2) cDNA,
encoding a putative 15-kDa membrane adhesion pro-
tein, which possesses an RGD sequence at the extracel-
lular region. When TNF-sensitive murine L929 fibro-
blasts were stably transfected with TIF2 cDNA, these
cells significantly resisted TNF Kkilling. In contrast,
L929 cells, which stably expressed the TIF2 antisense
MRNA, acquired enhanced TNF susceptibility. Calcu-
lated ECs, values, i.e., the amount of TNF needed for
killing 50% cells, are 10, 55, and 1.5 ng/ml, respectively,
for vector control, sense transfectant, and antisense
transfectant. TGF-B1 rapidly induces TIF2 gene ex-
pression (~1 hr), which correlates with time-related
acquisition of TNF-resistance in TGF-B1-treated L929
cells. Notably, TIF2 gene expression is markedly in-
creased in human breast cancer and lymphoid leuke-
mia cells, compared to normal human cells, suggesting
its potential role in cancer development. Together, the
anti-apoptotic function of TIF2 is responsible in part
for TGF-B-mediated protection of L929 cells against
TNF cytotoxicity. © 1998 Academic Press

Transforming growth factor beta (TGF-g) family pro-
teins are potent immunoregulators (1-5; reviews).
Overexpression of TGF-4 and excessive activation of
latent TGF-4 lead to immune defects and malignancy
such as prostate and breast cancers (1-6). The overex-
pressed TGF-g is utilized by cancer cells to fend off
immune attack. Nonetheless, tumor necrosis factor
(TNF) counteracts the biologic effects of TGF-5. For
example, TGF-g inhibits the development of lympho-
kine-activated killer cells (7) and cytotoxic T cells (8),
whereas TNF suppresses these TGF-4 effects.

* GenBank accession number for the TIF2 cDNA: AF075717.
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TGF-g protects several types of cancer cells from
TNF-mediated cell death (1, 9-12). How TGF-£ counter-
acts the cytotoxic functions of TNF is largely unknown.
However, a likely scenario is that TGF-£1 induces pro-
tein tyrosine phosphorylation in murine L929 fibro-
blasts, and this event appears to interrupt the TNF
killing pathway (10). Furthermore, a novel TGF-g81-
induced extracellular matrix protein, named TNF-re-
sistance triggering (TRT) protein, protects L929 cells
against TNF-mediated cell death (10).

To better understand the protective mechanism of
TGF-41 against TNF cytotoxicity, we have isolated a
novel murine cDNA, designated TGF-g-induced factor
2 (TIF2), by differential display (13) and library screen-
ing. TIF2 cDNA encodes a putative transmembrane
adhesion protein containing an extracellular RGD mo-
tif. When stably expressed in TNF-sensitive L929 cells,
TIF2 strongly inhibits TNF-mediated cell death.

MATERIALS AND METHODS

Differential display and cDNA library screening. To analyze spe-
cific mRNAs induced by TGF-41, L929 cells were pretreated with or
without TGF-41 (2 ng/ml) for 1 hr, followed by total cellular RNA
isolation and processing differential display (13). A 500 base pair
(bp) cDNA, amplified by RT/PCR, was found in the TGF-g1-treated
cells but not in control cells. This cDNA was labeled with [**P]dCTP
and used to screen an NIH/3T3 fibroblast cDNA library (constructed
in Agt11; Clontech, Palo Alto, CA) (14). Eighteen positive clones were
obtained (from ~2 x 10° colonies), which contained only two cDNA
inserts of 1.9 and 1.5 kilobases (kb). The 1.9-kb cDNA insert, desig-
nated TIF2, was subcloned in a CMV promoter-based mammalian
expression vector pcDNA3 (Invitrogen, Carlsbad, CA). Both the sense
and anti-sense cDNA/vector constructs were subjected to fluorescent
sequencing analysis (Applied Biosystems, Foster City, CA) and func-
tional characterization.

Stable transfectants and TNF cytotoxicity assays. Stable L929
transfectants, expressing sense or anti-sense TIF2 mRNA, were es-
tablished as described previously (14, 15). Briefly, L929 cells were
electroporated with 10 or 40 pg of empty pcDNAS3 vector or TIF2/
pcDNAS3 (sense or antisense) constructs. These cells were then cul-
tured in the continuous presence of G418 (200 pg/ml). After culturing
for 15-30 days, cell colonies (or foci) with acquired neomycin (neo)
resistance were obtained. These colonies were harvested, regrown,
and examined for the presence of TIF2 mRNA expression by RT-
PCR using 1 pg cellular RNA (Access RT-PCR Kit, Promega, Madi-
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FIG. 1. Deduced TIF2 protein sequence. The deduced murine
TIF2 protein sequence from cDNA is shown in the upper panel, and a
schematic structure is at the bottom panel. TIF2 amino acid sequence
contains a putative transmembrane (TM) region (amino acids #45-
65; underlined), an RGD sequence at the extracellular C-terminus
(underlined and bold), and a conserved threonine (Thr-5) phosphory-
lation site for protein kinase C (bold) and a conserved glycine (Gly-
4) myristoylation site at the cytoplasmic N-terminus.

son, WI). Primers used for PCR analyses were: forward primer, 5'-
GTCTGAAGGTTGGTGTT; reverse primer, 5-ATCCACTTGTTC-
CACTT. The expected amplified cDNA was 766 bp.

To examine whether TIF2 conferred TNF resistance, these stable
transfectants (2.5 x 10%/ml) were seeded onto 96-well plates, cultured
overnight, and then exposed to recombinant TNF-« (0.1-20 ng/ml;
PeproTech Inc., Rocky Hill, NJ) for 16-24 hr. TNF-mediated cell
death was measured using crystal violet stain (OD at 590 nm) as
previously described (9, 10, 14). The extent of cell death was calcu-
lated as follows: % Cell Death = [(OD from control cells — OD from
TNF-treated cells)/OD from control cells] X 100.

Northern hybridization. Where indicated, L929 cells were treated
with human platelet TGF-41 (2 ng/ml; Collaborative Research Incor-
porated, Bedford, MA) for 1-4 hr. To analyze TIF2 gene expression,
Northern hybridization was performed (14), which included total cel-
lular RNA isolation (using Trizol; GIBCO/Life Technologies, Gaith-
ersburg MD), 1% formaldehyde-agarose gel electrophoresis (10 ug
RNA per lane), capillary blotting onto Zeta-Probe nylon membranes
(Bio-Rad, Hercules, CA), and hybridization with [**P]-labeled TIF2
cDNA (Ready to Go random prime labeling kit; Pharmacia, Piscata-
way, NJ).

RESULTS

By differential display and cDNA library screening,
we isolated a novel TIF2 cDNA (1941 bp) from a murine
NIH/3T3 fibroblast cDNA library. The full-length
cDNA encodes a putative 139-amino-acid transmem-
brane adhesion protein (15 kDa) (Fig. 1). The open
reading frame is at nucleotide #1242-1661, and an up-
stream stop codon TAG at #1224-1226. Software-based
sequence analysis shows that TIF2 possesses a puta-
tive transmembrane region (amino acids #45-#65) (16),
an RGD sequence at the extracellular C-terminus, and
a conserved phosphorylation site for protein kinase C
(Thr-5) and a conserved myristoylation site (Gly-4) at
the cytoplasmic N-terminus (Fig. 1). The presence of
RGD sequence indicates that the putative TIF2 is a
typical adhesion protein (17), whereas its sequence is
not homologous to the sequences of known adhesion
molecules. No known structural domains are found in
the TIF2 protein sequence as compared to the available
universal database.
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Northern blot analysis confirmed that TGF-£1 in-
duced TIF2 gene expression (Fig. 2). TGF-41 induced
TIF2 gene expression in L929 cells in 1 hr. This early
induction correlates with the time-frame of acquisition
of TNF-resistance in TGF-S1-treated L929 cells (10).
The TGF-g-induced TIF2 mRNA levels remained ele-
vated over controls through 24 hr (data not shown).

L929 cells were electroporated with a sense-oriented
TIF2-pcDNA3 construct, an antisense-oriented TIF2-
pcDNA3 construct, or an empty pcDNA3 vector, fol-
lowed by selection of stable neo-resistant transfectants
using G418. These established stable transfectants
were seeded in 96-well plates, cultured overnight, and
challenged with various concentrations of TNF-a for
16-20 hr. Compared to control cells, the TIF2-trans-
fected (sense-producing) cells were resistant to the cy-
totoxic effect of TNF-a (Figs. 3A and 3B). In contrast,
cells, which expressed the antisense TIF2 mRNA, ac-
quired an enhanced susceptibility to TNF cytotoxicity
(Fig. 3A). Calculated ECs, values for TNF cytotoxicity,
i.e. the amount of TNF needed for killing 50% cells, in
the cells transfected with 10 ug DNA are 10, 55, and
1.5 ng/ml for vector control, sense transfectant, and
antisense transfectant, respectively. Similarly, the cal-
culated ECss for TNF cytotoxicity in cells transfected
with 40 pg vector or TIF2 sense construct are 12 and
200 ng/ml TNF, respectively (2" order regression anal-
ysis).

RT-PCR analysis was used to confirm TIF2 mRNA
expression in the L929 transfectants. The results
showed that vector control cells constitutively produced
a basal level of TIF2 mRNA (Fig. 3C, lane 2). Cells
transfected with 10 wpg sense-producing TIF2 con-
structs produced an increased amount of TIF2 mRNA
(~100% increase compared to vector control; Fig. 3C,
lane 3). Cells transfected with the TIF2-antisense pro-
ducing constructs produced no detectable TIF2 mRNA
(Fig. 3C, lane 4).
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FIG. 2. Induction of TIF2 gene expression by TGF-381. L929 cells
in 100 mm petri dishes were cultured overnight and treated with 2
ng/ml TGF-41 for 0, 1, 2, and 4 hr. Total RNA was extracted and 10
ug total RNA was loaded per lane on a 1% agarose gel, followed
by processing Northern blotting (see Materials and Methods; final
washing condition: 2X SSC/1% SDS at 65°C for 1 hr). The RNA gel
is shown at the bottom panel, and the Northern blot is shown at the
top. Lanes 1 and 5, controls (time 0). Lanes 2, 3 and 4, TGF-51
treatment for 1, 2, and 4 hr, respectively.
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FIG. 3. TIF2 inhibition of TNF cytotoxicity in L929 cells. L929
cells were transfected with either 10 pg (A) or 40 pg (B) TIF2 con-
structs (sense or antisense) or empty vector DNA alone, and stable
transfectants were established by G418 (see Materials and Methods).
These cells were seeded onto 96-well plates and challenged with
recombinant human TNF-« for 16-20 hr, and the extent of lysis deter-
mined by crystal violet staining (9,10,14). Note that TIF2 protected
L929 cells against TNF cytotoxicity, whereas ablation of TIF2 expres-
sion by antisense mMRNA resulted in enhanced TNF susceptibility in
L929 cells. Confirmation of TIF2 expression in these L929 transfec-
tants were determined by RT-PCR (see Materials and Methods; C).
Lane 1, DNA size markers. Lanes 2, 3, 4, L929 cells transfected
with 10 ug pcDNA3 vector, TIF2 sense construct, or TIF2 antisense
construct, respectively.

pwg/ml) and the protein synthesis inhibitor cyclohexi-
mide (20 pg/ml) abolished the protective effect of TIF2
against TNF killing (data not shown). These data fur-
ther support the above observations that TIF2 cDNA
is integrated in the chromosome of L929 transfectants
and is translated into mRNA for protein synthesis.
Finally, we examined TIF2 gene expression in vari-
ous cell lines. Compared to normal human bronchial
epithelium cells (lane 8, Fig. 4), TIF2 mRNA is ex-
pressed at a relatively high level (~200-300% in-
creases) in human leukemia (Molt 4, CEM and Daudi)
and human MCF-7 breast cancer cells (transfected
with or without protein kinase C alpha cDNA,; 18). No-
tably, the protein kinase C-overexpressing metastatic
human breast cancer cells express more TIF2 message
than their non-metastatic counterparts (Fig. 4, lanes 2
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and 1, respectively). Also, a smaller TIF2 mRNA tran-
script was found in the non-metastatic MCF-7 cells
(lane 1). Interestingly, cervical Hel a cells failed to ex-
press the TIF2 gene (lane 7, Fig. 4).

DISCUSSION

In this study we have isolated the TIF2 cDNA, which
encodes a putative transmembrane adhesion protein.
Functional analysis showed that TIF2 inhibits TNF-
mediated cell death. In contrast, antisense expression
of TIF2 enhances cellular sensitivity to TNF. These
observations indicate that TIF2 plays a critical role in
modulating the TNF Killing pathway. TIF2 is rapidly
induced by TGF-41 in L929 cells. Similarly, upon stim-
ulation of L929 cells with TGF-£1, L929 cells rapidly
develop TNF resistance (10). Thus, one of mechanisms
by which TGF-£1 protects L929 cells against TNF cyto-
toxicity is via its induction of TIF2.

Structurally, TIF2 possesses a cytoplasmic myristoy-
lation site at the N-terminus. Post-translational myris-
toylation is important for protein membrane anchor
(19). Additionally, a conserved Thr-5 phosphorylation
site for protein kinase C is found at the cytoplasmic
N-terminus, suggesting that TIF2 may be able to trans-
duce signals. The presence of an RGD motif at the ex-
tracellular C-terminus supports that TIF2 is an adhe-
sion protein. Thus, binding of a specific receptor or inte-
grin to TIF2 could result in transducing a signal and
regulation of cellular responses. A likely candidate in-
tegrin for binding to TIF2 is 81 integrin, which recog-
nizes the RGD motif (20).

Adhesion proteins play an important role in cellular
differentiation, death and metastasis for cancer cells
(20-22). For example, perturbation of 1-integrin func-
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FIG. 4. TIF2expression in various human cancer cell lines. Total
RNA was extracted from various human cancer cell lines. Ten micro-
grams was run on a 1% RNA gel, followed by processing for Northern
Blot analysis. Cells: lane 1, MCF-7 (non-metastatic human breast
cancer); lane 2, PKCa-overexpressing metastatic MCF-7; lane 3, non-
metastatic MCF-7 vector controls; lanes 4, 5, 6: Molt 4, CEM and
Daudi leukemias, respectively; lane 7, HeLa, cervical carcinoma; lane
8, NHBE (normal human bronchial epithelium).
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tion alters the development of murine mammary gland
(23). TNF and interferon-y reduce ay3s integrin activa-
tion in endothelial cells that lead to decreased cell ad-
hesion and survival (24). The pattern of expression and
function of integrin extracellular matrix receptors may
affect macrophage apoptosis (25). In this study we first
demonstrate an inhibitory function of the adhesion pro-
tein TIF2 against TNF cytotoxicity. Notably, a raised
level of TIF2 gene expression is found in highly meta-
static protein kinase C-overexpressing MCF7 breast
cancer cells, compared to non-metastatic MCF7 cells.
These observations suggest that TIF2 may play a role
in breast cancer metastasis or aggressiveness.

How TIF2 inhibits TNF Killing is unknown. We be-
lieve that in addition to TIF2, TGF-£1 probably induces
a ligand for binding to TIF2, so that an anti-apoptotic
or survival signal is introduced into cells. Alternatively,
TIF2 may be able to abolish TNF signaling pathway,
such as disruption of the binding of TNF receptors to
intracellular death domain adapter proteins TRADD
(TNF receptor associated death domain protein) and
FADD (Fas associated death domain protein) (26).
These likely scenarios are being investigated in our
laboratory.

Taken together, a novel transmembrane adhesion
protein TIF2 is shown to inhibit cell death by TNF.
Compared to normal cells, TIF2 is overexpressed in
several cancer cells. These observations indicate that
TIF2 is a survival factor necessary for cancer develop-
ment and metastasis.
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