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Interactions with cellular PDZ domain-containing proteins
obviously contribute to the tumorigenic potential of several
viral oncoproteins. In this regard, the oncogenic potential of the
human T cell leukemia virus type 1 Tax protein correlates with
its binding capacity to the tumor suppressor hDIg. Recent
results show that hDlg in T cells is associated to a network of
scaffolding proteins including another PDZ domain-containing
protein termed hScrib. Interestingly, previous studies have
revealed complementary activities of both proteins in the con-
trol of epithelial cell polarity. Here, we demonstrate that Tax can
bind to hScrib and that the resulting Tax/hScrib complex is
present in human T cell leukemia virus type 1-infected T cells.
By confocal microscopy, we show that Tax modifies the localiza-
tion of hScrib in transfected COS cells as well as in infected T cell
lines and targets hScrib to particular spots exhibiting a granular
distribution, mainly distributed in the cytoplasm. Given that
Tax sequesters hScrib to these particular structures, we postu-
late that Tax might inhibit hScrib activity. Providing further
support to this idea, we find that transient overexpression of
hScrib attenuates T cell receptor-induced NFAT activity but
that the presence of Tax counteracts this negative effect on the
NFAT pathway. The fact that hDlg and hScrib are both targeted
by Tax underlies their importance in T cell function.

Adult T cell leukemia is caused by human T cell leukemia
virus type 1 (HTLV-1)? infection and occurs several decades
after initial infection (1). The viral protein Tax is considered to
play a central role in the proliferation of infected cells and leu-
kemogenesis because of its pleiotropic actions (2). During virus
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replication, Tax trans-activates viral transcription by interact-
ing with different members of the activating transcription
factor/cAMP-responsive element-binding protein (CREB),
including ATF-1, CREB, CREB-2, or cAMP-responsive element
modulator and by recruiting the transcriptional cofactors
CREB-binding protein, p300, and P/CAF (3, 4). Tax also con-
trols transcription of cellular genes by positively regulating dif-
ferent transcriptional pathways such as NF-«B, AP-1, and E2F
or by negatively modulating others such as p53 and basic helix-
loop-helix factors (5, 6). Thus, the oncogenic action of HTLV-1
likely involves deregulation of diverse cellular genes encoding
proteins, which induce cell proliferation and inhibit apoptosis.
Tax is also able to stimulate cell transformation by direct bind-
ing to cell cycle factors and deregulating checkpoints and DNA
damage repair pathways (2, 7). Moreover, Tax contains a C-ter-
minal PSD-95/SAP90, Discs Large, and Zona Occludens-1
(PDZ)-binding motif (PBM) (8), which has been shown to increase
HTLV-1-induced proliferation of human peripheral blood mono-
nuclear cells (9) and Tax-transforming activity in rat fibroblasts
(10, 11). This enhanced transforming activity has been attributed
to the interaction between Tax and the human homolog of the
Drosophila discs large tumor suppressor (hDlg) (10, 12).

Dlg belongs to the family of proteins termed membrane-as-
sociated guanylate kinases (MAGUKs) (13). MAGUKs are
characterized by the presence of distinct protein modules
including the PDZ domain, SH3 domain, and guanylate kinase-
like domain. MAGUKSs act as molecular scaffolds (14) for cell
polarity and signal transduction within epithelial cell junctions
and neuronal synapses. Recently, hDlg has also been described
to be involved in T cell polarity and immune synapse assembly
(15, 16). Moreover, mutational studies in Drosophila have led to
the classification of Dlg as a tumor suppressor (17). Its implica-
tion in cancer has been further supported by the demonstration
that viral oncoproteins (adenovirus type 9 E4-ORF1, high risk
human papillomavirus (HPV) E6, and Tax) target the cellular
protein (18). hDlg has been shown to form a complex with APC
(adenomatous polyposis coli) protein (19), which negatively
regulates cell cycle progression (20). The APC gene is mutated
in colon cancers, and the mutated gene product generally lacks
the PBM (21). Moreover, the PBMs of Tax, HPV E6, and ade-
novirus type 9 E4-ORF1 interact with the same Dlg PDZ
domain targeted by APC, suggesting that they may disrupt the
APC-Dlg complex and deregulate cell cycle progression (12, 18,
22). However, the growth suppressing ability of Dlg cannot
solely be attributed to its membrane-associated activity,
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because it has been demonstrated that the high risk HPV E6
protein targets the cytoplasmic and nuclear pools (23) of hDIg
rather than membrane-associated forms (24).

Mutational studies in Drosophila have shown that Dlg act in
concert with two other tumor suppressors, the Scrib (Scribble)
and Lgl (lethal giant larvae) proteins, to regulate cell polarity
and growth control (25). The three proteins are highly con-
served in sequence among species and are likely functionally
conserved as well (17). Scrib is a member of the LAP (leucine-
rich and PDZ domain) family of proteins and possesses 16
canonical leucine-rich repeats and four PDZ domains (26).
Scrib and Dlg form a scaffolding complex, whose function is
required for the maintenance of correct epithelial polarity and
efficient signal transmission at synaptic junctions (27). Reduc-
tion in hScrib expression in T cells prevents the polarization of
cell surface receptors and morphological changes associated
with uropod formation, migration, and antigen presentation
(28). Interestingly, hScrib was first isolated in a biochemical
screen designed to identify protein targets of HPV-39 E6, and it
is now well established that the high risk HPV E6 proteins can
target both hScrib and hDIg for proteasome-mediated degrada-
tion (29). Altogether these observations suggest the possible
existence of a common mechanism underlying inhibition of
two suppressor proteins by human viral oncoproteins. More-
over, by a two-hybrid approach, we have previously isolated
different cDNAs encoding cellular proteins able to interact
with Tax in yeast (30). Among them, we characterized clones
containing ¢cDNA corresponding to the human myeloblast
KIAA0147 gene (GenBank™ accession number D63481) cod-
ing for a protein of unknown function at this time (30). It was
subsequently demonstrated that the KIAA0147 ¢cDNA clone
corresponds to an incomplete 4Scrib sequence (31), suggesting
possible interactions of hScrib with Tax.

Here we demonstrate that Tax binds to hScrib and that this
complex is present in HTLV-1-infected T cells. Furthermore,
Tax altered the subcellular localization of hScrib in cotrans-
fected COS cells as well as in HTLV-1-infected T cell lines.
Moreover, we show that transient overexpression of hScrib
attenuates T cell receptor (TCR)-induced activity of nuclear
factor of activated T cells (NFAT) and that the presence of Tax
counteracts this negative effect on the NFAT pathway. Alto-
gether our results demonstrate that Tax targets another PDZ-
containing cellular factor, hScrib, known to be associated with
hDIg in scaffolding complexes involved in T cell signaling.

EXPERIMENTAL PROCEDURES

Plasmids and Antibodies—The pGEX constructs expressing
various regions of hScrib fused to the Schistosoma japonicum
glutathione S-transferase (GST) have already been described
and were obtained from ]. M. Huibregtse (29). For the two-
hybrid assay in yeast, pAS-Tax and pAS-TaxAPBM have previ-
ously been described (32). hScrib PDZ domain cDNAs fused to
the GAL4 activation domain cDNA of the pACT?2 vector were
generous gifts from J. P. Borg (33). For transfection assays in
COS and T cell lines, pSG-Tax, pSG-TaxM22, and pSG-Tax-
M47 (32, 34) have been used. pEGFP-Tax, pSG-Tax2, and
pEGFP-Tax2 were obtained from R. Mahieux (35). The
TaxAPBM cDNA fragment was generated by PCR amplifica-
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tion using Deep Vent DNA polymerase, pSG-Tax as template,
and specific sense and antisense primers (the six last amino acid
residues of the wild type Tax sequence were deleted). The
TaxAPBM cDNA was inserted in-frame into the Mlul/BamHI
sites of the linearized pSG-Tax and into the EcoRI/BamHI clon-
ing sites of the linearized pEGFP-C2 plasmid. pEGFP-hScrib
(33) and pHA-hScrib (36) were obtained from J. P. Borg.
pTXRE-Luc contains three tandem copies of the promoter-
proximal TxRE and has already been described (32). The NFAT
luciferase construct (pNFAT-Luc) contains a trimerized
human NFAT site and was a gift from W. C. Greene.

The goat (C-20 and K-21) and rabbit anti-hScrib (H-300),
goat anti-HP1a (C-15), mouse anti-HA (F-7) antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). The mouse anti-Myc antibody 9E10 has already been
described (37). Anti-Tax was obtained through the AIDS
Research and Reference Reagent Program of the Division of
AIDS, NIAID, National Institutes of Health. HTLV-1 Tax
hybridoma 168A51 (Tab176) was from B. Langton.

GST Pulldown Assay—pGEX vectors were transformed into
Escherichia coli BL21 to produce GST fusion proteins, which
were purified as described by the manufacturer (Amersham
Biosciences). Then Tax or Tax2 cDNA cloned into pSG was
transcribed and translated in the presence of [**S]methionine
using the TNT T7-coupled reticulocyte lysate system of Pro-
mega and incubated at 4 °C with equal amounts of GST immo-
bilized on glutathione-Sepharose beads in a buffer containing
50 mm Tris-HCI, pH 7.4, 1 mm EDTA, 250 mm NaCl, 0.1%
Nonidet P-40. After a 2-h incubation, the beads were washed
five times with incubation buffer, and the bound proteins were
analyzed by SDS-PAGE followed by autoradiography.

Two-hybrid Assay in Yeast—Study of interactions between
Tax and hScrib PDZ domains was carried out by two-hybrid
assay in Saccharomyces cerevisiae strain Y190 as previously
described (34). Strain Y190 possesses the E.coli lacZ gene
driven by the GAL4-responsive GAL1 promoter.

Protein Procedures—For Western blotting analysis of endog-
enous hScrib, uninfected or HTLV-1-infected cells (5 X 10°)
were concentrated by centrifugation, and the cell pellets were
lysed in 50 mm HEPES, pH 7.5, 10% glycerol, 150 mm NaCl, 1
mMEGTA, 1.5 mm MgCl,, 1% Triton X-100 supplemented with
1 mm phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, and
10 wg/mlleupeptin. Protein extracts were then electrophoresed
on SDS-9% polyacrylamide gel and blotted to polyvinylidene
difluoride membranes (Millipore). The blot was incubated 1 h
at room temperature with a blocking solution (PBS, 0.1%
Tween 20 containing 5% milk) prior to the addition of the goat
anti-hScrib antibody (C-20). After 1 h, the blot was washed
three times with PBS, 0.1% Tween 20 and incubated for 1 h with
anti-goat immunoglobulin-peroxydase conjugate. After three
washes, the membrane was incubated with ECL reagent (Amer-
sham Biosciences). The membrane was then exposed to hyper-
films-ECL (Amersham Biosciences).

For immunoprecipitation of hScrib, uninfected or infected
cells (5 X 10°) were washed twice with PBS, and protein
extracts were prepared as described above. The proteins were
immunoprecipitated with 5 ug of antibodies from extracts (500
pg of total proteins) as already described (33). Bound fractions
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were washed three times in lysis buffer containing 0.1% Triton
and then electrophoresed on SDS, 9% polyacrylamide gel and
analyzed by Western blotting.

Fluorescence Microscopy Analysis—COS cells were cultured
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. 24 h before transfection, the cells were
seeded onto glass slides. For the transfections, we used the jet-
PEI™ transfection reagent (Qbiogene) according to the man-
ufacturer’s instructions, and, after 48 h, they were washed with
PBS, fixed, and permeabilized with 4% paraformaldehyde and
0.1% Triton X-100 for 30 min at room temperature. If neces-
sary, the fixed cells were first incubated with a blocking solution
(PBS containing 1% gelatin) and then with primary antibody for
1 h at room temperature. The samples were washed with PBS,
1% gelatin and then incubated with secondary antibody cou-
pled to Texas Red (Pierce), Alexa Fluor 488, or Alexa Fluor 568
(Invitrogen) for 1 h at room temperature. The coverslips were
mounted with Vectashield containing 4’,6’-diamino-2-phenyl-
indole (Abcys) for direct observation. Fluorescence images
were acquired by fluorescence microscope (model DM R;
Leica), and analysis of the green, red, and yellow fluorescence
for colocalization experiments was performed with a Bio-Rad
MRC 1024 confocal microscope.

For CEM and HTLV-1-infected T cell lines, the cells were
cultured in RPMI supplemented with 10% fetal calf serum. 10”
cells were electroporated according to the previously published
procedure (32). After 48 h, the cells were pelleted and washed
twice in PBS, and one drop of concentrated cells was put down
onto glass slides. Then the cells were fixed and permeabilized by
treatment with cold methanol-acetone (1:1 v/v) for 5 min and
incubated with primary antibody and with secondary antibody
coupled to Red, Alexa Fluor 488, or Alexa Fluor 568 as already
described. The coverslips were mounted with Vectashield with-
out 4',6’-diamino-2-phenylindole for observation by confocal
microscope.

Transfection and Luciferase Assays—Jurkat cells (107) were
electroporated as described above with the indicated quantities
of pHA-hScrib (36) and 2 ug of NFAT reporter plasmid. 5 ug of
pcDNA3.1-lacZ (B-galactosidase-containing reference plas-
mid) was included in each transfection for controlling of the
transfection efficiency. The total amount of DNA in each trans-
fection was the same, the balance being made up with empty
plasmids. 48 h after transfection, half of the cells were stimu-
lated for 6 h with mouse anti-human CD3 and anti-human
CD28 monoclonal antibodies (Immunotech Beckman Coulter,
Marseille, France) immobilized on a 6-well plate. The cells were
then concentrated by centrifugation, resuspended in 100 ul of Pas-
sive Lysis Buffer (Promega), incubated in liquid nitrogen until fro-
zen, and thawed at 4 °C. The cell extracts equalized for protein
contents were used for luciferase and B-galactosidase assays, and
the luciferase values were normalized for B-galactosidase activity.
Luciferase assays were performed in an automated luminometer
with the Genofax A kit (Yelen, Ensue la Redonne, France).

RESULTS

Tax Binds to the hScrib PDZ Domains 2 and 4 (PDZ2 and
PDZ4)—In a previous yeast two-hybrid screening (30) per-
formed with Tax as a bait, we isolated ¢cDNA clones corre-
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FIGURE 1. Molecular structure of hScrib and its deletion mutants. hScrib
contains 16 leucine-rich repeats followed by two LAP-specific domain
(LAPSD) and four PDZ domains. A, description of the two clones isolated by
the yeast two-hybrid approach. B and C, structures of the hScrib constructs
fused to the GST protein encoded by the pGEX vector (B) or fused to the GAL4
activation domain of the pACT2 vector (C). The numbers shown indicate
amino acid positions.

sponding to the human myeloblast KIAA0147 gene (Gen-
Bank™ accession number D63481) that in fact encoded an
incomplete hScrib sequence (31). hScrib contains a set of
leucine-rich repeats near its N terminus and four PDZ domains
(Fig. 1) distributed throughout the remainder of the protein
(PDZ1 from residues 752 to 811, PDZ2 from residues 874 to
947,PDZ3 from residues 1015 to 1090, and PDZ4 from residues
1114 to 1189). The characterized clones corresponded to two
different hScrib ¢cDNAs, both coding for at least two PDZ
domains (either PDZ1 + 2, or PDZ3 + 4), as shown in Fig. 1A.

To eliminate the possibility that the binding of Tax to hScrib
PDZ domains may be indirect and dependent on yeast compo-
nents, fusion proteins of various regions of hScrib with GST
(Fig. 1B) were produced in E. coli, and their binding to >°S-
labeled Tax produced in rabbit reticulocyte lysate was analyzed.
Tax bound to the hScrib domains corresponding to PDZ1 + 2
and PDZ3 + 4 (Fig. 24), as already found by the two-hybrid
approach. On the other hand, Tax did not significantly interact
with the negative control corresponding to the hScrib C-termi-
nal region fused to GST (Fig. 24). We also analyzed the inter-
action between the hScrib PDZ domains and a Tax mutant
without its PBM. This mutant was effectively unable to bind to
the PDZ domains (data not shown). Moreover, we also found
no interaction between the hScrib PDZ domains and the
HTLV-2 Tax protein, Tax2 (Fig. 24), which does not possess a
C-terminal PBM (9).
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FIGURE 2. Tax binds to the hScrib PDZ2 and PDZ4. A, in vitro binding assays
of Tax to the PDZ domains of hScrib. Equal amounts of GST and GST fused to
the PDZ domain region (hScribPDZs, PDZ1 + 2,PDZ3 + 4) or to the C-terminal
domain (hScribCt) of hScrib were immobilized on glutathione-Sepharose
beads, incubated with [**S]Tax or [**S]Tax2 (input), and bound proteins were
analyzed by SDS-PAGE and autoradiography. B, analysis of the interactions
between Tax and the different PDZ domains of hScrib using a liquid culture
B-galactosidase assay. Yeasts were transformed with the expression vector
pAS2-1 containing the entire coding sequence of Tax or that of a Tax mutant
without PBM (TaxAPBM), fused to the GAL4 DNA-binding domain, together
with pACT-2, expressing the GAL4 activation domain fused to the different
hScrib PDZ domains. The 3-galactosidase assay with o-nitrophenyl-3-pD-ga-
lactopyranoside as substrate was carried out on three independent colonies
per transformation as described in the Clontech protocol. The values,
expressed in Miller units, represent the means = S.D. (n = 3).

Our results show that Tax is capable of interacting with
hScrib PDZ domains in vitro. To map more precisely the Tax-
binding domain of hScrib, each PDZ domain fused to the GAL4
activation domain of the pACT2 plasmid (Fig. 1C) was tested
for interaction with Tax by two-hybrid assay in yeast. As shown
in Fig. 2B, Tax bound to PDZ2 and PDZ4. We also analyzed the
interaction between the hScrib PDZ domains and the Tax
mutant without its PBM, TaxAPBM. This mutant was effec-
tively unable to bind to the PDZ domains (Fig. 2B). In conclu-
sion, these data indicate that the hScrib PDZ2 and PDZ4 are the
targets of Tax.

Tax Interacts with hScrib in Vivo—To confirm the in vivo
relevance of the binding of Tax to hScrib, the subcellular local-
ization of both proteins expressed either separately or together
was examined in transfected COS cells by immunofluorescence
microscopy. As previously described, Tax was shown to be
localized in the cytoplasm as well as the nucleus (35, 38) (Fig.
3A). On the other hand, EGFP-hScrib mainly showed a diffuse
pattern in the cytoplasm, whereas only a small proportion was
found to be cell membrane-associated (Fig. 34). A similar pat-
tern has been observed for Erbin (a cellular protein also con-
taining both leucine-rich repeat and PDZ domains) in HeLa
cells transfected by pEGFP-Erbin (39). However, when hScrib
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PEGFP-hSerib + pSG-TaxM22

PEGFP-hSerib + pSG-Taxh47 PEGEP-hScrib + pSG-TaxM47 PEGFP-hSerib + pSG-Taxh47

FIGURE 3. Microscopy analysis of the colocalization of Tax and hScrib in
vivo. A, fluorescence microscopy analysis of the cellular localization of hScrib
in vivo. COS cells transfected with pEGFP-hScrib (panel a) or pSG-Tax (panel b)
were cultivated on glass slides, fixed, and treated with Vectashield containing
4',6'-diamino-2-phenylindole for direct characterization of the nucleus by
fluorescence microscopy. The Tax protein (panel b) was detected by using the
anti-Tax antibody and goat anti-mouse immunoglobulin G antibody coupled
to Texas Red. B, confocal microscopy analysis of the colocalization of hScrib
and Tax in vivo. Analysis of green (panel a and d), red (panel b and e), and
merged (panel ¢ and f) fluorescence was performed with a confocal micro-
scope for COS cells cotransfected with pSG-Tax and pEGFP-hScrib (panels
a-c) or with pSG-Tax and the empty vector pEGFP as negative control (panel
d-f). The Tax protein was detected as described above. C, colocalization of
EGFP-hScrib with the Tax mutants M22 and M47. Analysis of green (panels a
and d), red (panels b and e), and merged (panels ¢ and f) fluorescence was
performed with a confocal microscope. n, nucleus.

was cotransfected with Tax, the staining pattern of hScrib was
modified because both proteins colocalized in particular spots
exhibiting a granular distribution (100% of cotransfected cells),
mainly in the cytoplasm (Fig. 3B). On the other hand, Tax did
not modify the staining pattern of the EGFP control (Fig. 3B).
Interestingly, the presence of EGFP-hScrib can also change the
subcellular localization of Tax, suggesting that hScrib might
have affected some Tax functions. In conclusion, our observa-
tions support the notion that Tax and hScrib interact in vivo
and that Tax might entail a subcellular redistribution of hScrib.

To be sure that other cellular Tax-binding proteins are not
involved, the subcellular localization of hScrib was examined in
the presence of different Tax mutants. COS cells were first
cotransfected with pEGFP-hScrib and pSG-TaxM22 or pSG-
TaxM47. M22 and M47, respectively, are NF-«kB-defective or
CREB-defective Tax mutants, but both mutants contain the
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pEGFP-Tax pEGFP-TaxAPBM pEGFP-Tax2

pEGFP-Tax + pHA-hScrib  pEGFP-Tax + pHA-hScrib

merge
PEGFP-TaxAPBM
+ pHA-hScrib

pEGFP-TaxAPBM
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pEGFP-TaxAPBM
+ pHA-hScrib

merge
PEGFP-Tax2 + pHA-hScrib

JEGFP-Tax2 +pHA-hScrib  pEGFP-Tax2 + pHA-hScrib

FIGURE 4. The PBM of Tax is necessary for mislocalization of hScrib in
transfected COS cells. Cells were transfected with pEGFP-Tax (panel a),
PEGFP-TaxAPBM (panel b), and pEGFP-Tax2 (panel ¢) in the presence of pHA-
hScrib (panel d-I). HA-hScrib was detected by using the anti-HA antibody and
goat anti-mouse immunoglobulin G antibody coupled to Alexa Fluor 568.
Analysis of green (panels d, g, and j), red (panels e, h, and k), and merged
(panels f, i, and /) fluorescence was performed by confocal microscopy. n,
nucleus.

C-terminal PBM. As shown in Fig. 3C, the staining pattern of
hScrib can also be modified in the presence of both mutants,
still exhibiting a granular distribution. These results demon-
strate that M22 and M47 are also able to modify the localization
of hScrib in transfected COS cells.

We next studied the intracellular distribution of hScrib in the
presence of TaxAPBM and Tax2, which does not interact with
hScrib. However, when the last six C-terminal amino acid res-
idues of Tax were deleted, our anti-Tax antibody was no longer
able to detect the Tax mutant in transfected cells (data not
shown). As a previous report demonstrated that EGFP-Tax and
EGFP-Tax2 have the same cellular distribution as the non-
tagged Tax proteins (35), we hypothesized that EGFP-Tax,
-TaxAPBM, and -Tax2 could be used for analyzing their inter-
actions with HA-tagged hScrib (36). Effectively, as shown in Fig.
4 (panels d—f), EGFP-Tax and HA-Scrib colocalized in spots
formed by the viral protein. On the other hand, the staining
pattern of the HA-Scrib was not modified in the presence of
EGFP-TaxAPBM (Fig. 4, panels g—i) and EGFP-Tax2 (Fig. 4,
panels j-I).
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anti-hScrib

anti-hScrib

merge IC

FIGURE 5. Tax alters subcellular localization of endogenous hScrib. A, con-
focal microscopy analysis of endogenous hScrib. COS cells were stained with
the rabbit anti-hScrib antibody and goat anti-rabbit immunoglobulin G anti-
body coupled to Alexa Fluor 488 (panel a). The morphology of cells (panel b)
was characterized by Normaski differential interference contrast (NDIC).
B, colocalization of endogenous hScrib and Tax in COS cells transfected with
pSG-Tax. For localization observation of endogenous hScrib in the presence
of Tax, analysis of green (panel a), red (panel b), and merged (panel c) fluores-
cence was performed with a confocal microscope. The Tax protein was
detected by using the anti-Tax antibody and goat anti-mouse immunoglob-
ulin G antibody coupled to Alexa Fluor 568.

Having demonstrated that Tax can interact with hScrib, we
also examined the subcellular localization of endogenous
hScrib in the absence and the presence of Tax. In the absence of
Tax, endogenous hScrib was present in the cytoplasm and
on the membrane (Fig. 54). On the other hand, in the presence
of Tax (Fig. 5B), endogenous hScrib colocalized with Tax in
particular spots. Taken together, our results indicated that Tax
is able to sequester hScrib within Tax-containing complex.

Tax Interacts with hScrib in T Cells—Next, to confirm that
endogenous Tax and hScrib were effectively associated in
infected T cells, immunoprecipitations of cell lysates of HTLV-
1-infected cell lines (HUT102 and C8166) were performed with
a goat anti-hScrib antibody, and the immunoprecipitates were
probed with an anti-Tax monoclonal antibody. As expected,
this approach revealed the presence of a complex between Tax
and hScrib in HUT102 and C8166 extracts (Fig. 6A4), but not in
the uninfected CEM cell line (Fig. 6B). By the same approach
but using a goat anti-HP1a as control, we did not immunopre-
cipitate Tax (Fig. 6, A and B). We also performed reverse immu-
noprecipitations of extracts of infected (C8166) and uninfected
(CEM) cells by using the anti-Tax antibody and by probing the
immunoprecipitates with the goat anti-hScrib antibody. hScrib
coprecipitated with Tax, but it did not precipitate with material
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FIGURE 6. Tax-hScrib association in the HUT102 and C8166 cell lines.
A and B, proteins from the total lysate of HTLV-1-infected HUT102 cells were
directly probed with mouse anti-Tax (first lane, total lysate) or immunopre-
cipitated with goat anti-hScrib (lanes anti-hScrib) or goat anti-HP1a (lanes
anti-HP1) antibodies followed by Western blot analysis with anti-Tax. Immu-
noprecipitation and Western blotting were also performed in the same con-
ditions with HTLV-1-infected C8166 (A) and uninfected CEM (B) cells.
C, extracts of CEM were also directly probed with goat anti-hScrib (first lane,
total lysate) or immunoprecipitated with mouse anti-Tax (lanes anti-Tax) or
mouse anti-Myc (lanes anti-Myc) antibodies followed by Western blot analysis
with goat anti-hScrib. The same approach was also performed with C8166
extracts (C). The molecular mass markers (in kilodaltons) are indicated on the
right of the figure.

recovered using the control antibody (Fig. 6C). In conclusion,
our results clearly demonstrate that Tax and hScrib interact in
HTLV-1-infected T cells.

Tax Modifies hScrib Activity in T Cells—Although the exact
mechanism of action of the PDZ-containing proteins (such as
hScrib and hDIg) remains unclear in T cells, their involvement
in T cell signaling has been suggested (28). Moreover, it has
been recently demonstrated that overexpression of hDlg
affected CD3-potentiated NFAT activation in Jurkat cells (15,
16). For all these reasons, it was of high interest to test the
effects of hScrib on NFAT activity after stimulation of T cell
activation. Therefore, Jurkat cells were first cotransfected with
an NFAT reporter construct in the presence of increasing
amounts of a HA-tagged hScrib expression vector (pHA-
hScrib) and then stimulated with anti-human CD3 combined
with anti-human CD28. As shown in Fig. 7A and as already
described for hDlg (16), overexpression of hScrib attenuated
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NFAT reporter activity in stimulated Jurkat cells. On the other
hand, cotransfection of Tax expression vector (pSG-Tax)
restored the CD3/CD28-potentiated NFAT activation (Fig.
7B). Interestingly, cotransfection of increasing amounts of
pHA-hScrib resulted in diminution of Tax effect (Fig. 7B). In
the same way, cotransfection of increasing amounts of pSG-
Tax in the presence of an unchanged amount of hScrib resulted
in a significant increase in luciferase activity (Fig. 7C). However,
it was interesting to determine whether the negative effect
could be reciprocal as suggested by confocal microscopy anal-
yses shown in Fig. 3. For this reason, the transcriptional activity
of Tax was measured in the presence of hScrib by using TxRE-
Luc, a Tax-responsive luciferase reporter construct that con-
tains three tandem copies of the promoter-proximal TxRE. Fig.
7D clearly shows that increasing amounts of hScrib inhibited
the Tax trans-activation of the promoter-proximal TxRE. This
negative effect of hScrib on Tax-dependent transcription con-
firms that both proteins interact in vivo.

However, to be sure that the observed effects of Tax and
hScrib on the NFAT reporter construct are not due to inde-
pendent activities, we also analyzed the effects of the mutant
TaxAPBM. Therefore, we compared the activities of the Tax,
TaxAPBM, TaxM22, and TaxM47 on NFAT reporter plasmid
after stimulation of T cell activation. In the absence of hScrib
(Fig. 8A), all of the mutants except M47 were able to enhance
NFAT activity. It is noteworthy that M47 is known to be unable
to recruit multifunctional cellular coactivators such as CREB-
binding protein, p300, or P/CAF (6). On the other hand, in the
presence of hScrib (Fig. 8B), whereas Tax was capable of restor-
ing the CD3/CD28-potentiated NFAT activation, the mutant
TaxAPBM was unable. Moreover, M22 was not as efficient as
the wild type Tax. In addition to being deficient in NF-«B acti-
vation, M22 has also been described to be impaired in Tax self-
association (34). Because we have demonstrated that Tax can
interact with hScrib PDZ2 and PDZ4, it is possible that Tax
dimerization might favor interactions with the different PDZ
domains. However, for the moment, we cannot confirm this
hypothesis, and further studies are still necessary to explain this
result with M22. Taken together, our results suggest that Tax is
able to down-regulate the hScrib activity in vivo via its PBM.

Tax Colocalizes with hScrib in HTLV-1-infected Cell Lines—
It has been recently demonstrated that Tax negatively controls
the activity of another tumor suppressor, the retinoblastoma
protein. Tax targets the retinoblastoma protein for proteaso-
mal degradation and thus decreases its level in infected T cells
(40). We could not exclude this possibility in the case of hScrib,
and then we examined the status of hScrib in HTLV-1-infected
T cell lines known to express Tax such as MT4, C8166, and
HUT102 cell lines. As shown in Fig. 9, no significant difference
was observed in hScrib expression in the HTLV-1-infected cell
lines as compared with uninfected CEM, Jurkat, and H9 cells.
Moreover, to determine whether Tax could be responsible for
hScrib degradation, we also analyzed the stability of hScrib in
the presence of increasing amount of Tax by transient cotrans-
fection assays. Again, we were unable to observe a significant
effect of Tax on hScrib expression (data not shown).

Given our results on the relocalization of hScrib in the pres-
ence of Tax in cotransfected COS cells, we next hypothesized
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FIGURE 7. Effects of hScrib expression on transcriptional activity in Jurkat cells. A, overexpression of hScrib
attenuates NFAT transcriptional activity in Jurkat cells stimulated with anti-human CD3 combined with anti-
human CD28. Activated Jurkat cells were cotransfected with 2 ug of pNFAT-Luc, 5 ng of pcDNA3.1lacZ (B-ga-
lactosidase-containing reference plasmid), and pHA-hScrib (0, 1, 2, or 5 ng). The luciferase values are expressed
as fold increase relative to that of cells transfected with a luciferase reporter construct carrying no NFAT site.
The total amount of DNA in each series of transfection was equal, the balance being made up with the empty
plasmids, and the luciferase values were normalized for B-galactosidase activity. The values represent the
means = S.D. (n = 3). B, effect of Tax on hScrib-induced repression of NFAT activity. Jurkat cells were cotrans-
fected in the same conditions as described above in the presence or not of 1 ug of Tax expression vector
pSG-Tax. The values represent the means * S.D. (n = 3). C, effect of increasing amounts of Tax on hScrib-
induced repression of NFAT activity. Activated Jurkat cells were cotransfected with 2 ug of pNFAT-Luc, 3 ug of
pHA-hScrib, and pSG-Tax (0, 0.2, 0.5, or 1 ng). The values represent the means = S.D. (n = 3). D, hScrib
down-regulates Tax-dependent transcription. Jurkat cells were cotransfected with 2 ug of HTLV-1 TxRE-Luc
and pHA-hScrib (0, 1, 2, or 5 ug) in the presence or absence of 1 ug of pSG-Tax. The luciferase values are
expressed as increases relative to that of cells transfected with TXxRE-Luc in the presence of the empty plasmids.

that Tax can bind to hScrib in
HTLV-1-infected T cell lines, and
this interaction entails a targeting of
hScrib to particular bodies, mainly
distributed in the cytoplasm.

DISCUSSION

The transforming activity of Tax
in the Rat 1 fibroblast cell line has
been shown to depend on its C-ter-

The values represent the means = S.D. (n = 3).

that Tax could also induce a mislocalization of hScrib in HTLV-
1-infected T cells. We first performed this study with T cell
lines transfected with EGFP-tagged constructs. Indeed, EGFP-
hScrib is known to colocalize with endogenous hScrib (36). In
addition, by this approach, it was possible to compare the local-
ization of the wild type protein with that of the hScribAPDZs
mutant (this mutated form of hScrib does not interact with
Tax) in HTLV-1-infected cell lines. We also analyzed hScrib
distribution and subcellular localization of EGFP-hScrib and
EGFP-hScribAPDZs in the uninfected CEM cell line by confo-
cal microscopy (Fig. 10, panels a—d). As already described for
hDlg in Jurkat cells (16), EGFP-hScrib showed a diffuse cyto-
plasmic pattern. On the other hand, in the HTLV-1-infected
C8166 (Fig. 10, panels e— h) and HUT102 (Fig. 10, panels m—p)
cell lines, the staining pattern was different because EGFP-
hScrib colocalized with endogenous Tax in particular spots
exhibiting a granular distribution (80% of transfected cells),
mainly in the cytoplasm. These data confirm our previous
observations in COS cells cotransfected with pEGFP-hScrib
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minal PBM (10, 11). This motif is
also necessary to promote HTLV-1-
induced proliferation of human
peripheral blood mononuclear cells (9). It has been demon-
strated that Tax PBM mediates the interaction of the viral pro-
tein with the tumor suppressor hDlg (12). Through this inter-
action, Tax alters the subcellular localization of hDIg in 293T
cells as well as in HTLV-1-infected T cells (10). Here, we dem-
onstrate that Tax interacts in vitro and in vivo with a second
human homolog of a Drosophila tumor suppressor, hScrib. Like
hDlg, hScrib interacts with the C terminus of Tax via its PDZ
domains, more precisely the PDZ2 and PDZ4 domains. In addi-
tion, our results show that, in COS cells and in the HTLV-1-
infected T cell lines C8166 and HUT102, Tax directly binds to
hScrib and modifies its subcellular localization. Findings pre-
sented in this paper also suggest that Tax is able to perturb
hScrib activity. Interestingly, the PDZ2 domain of the Drosoph-
ila Scrib homolog has been found to be required for its proper
localization and function in neuroblasts (41). In the same way,
Tax interaction with the hDLG PDZ domain-containing region
is also responsible for inhibition of hDIg activity in cotrans-
fected NIH3T3 cells (12). Taken together, all of these data sug-
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FIGURE 8. Effects of TaxAPBM, TaxM22, and TaxM47 on the CD3/CD28-
induced NFAT activation in the absence (A) or in the presence (B) of
hScrib. To test the effects of the different Tax mutants on the pNFAT-Luc,
Jurkat cells were transfected and stimulated as described in the legend of Fig.
7, with 1 ug of Tax-expression vector and 3 ug of pHA-hScrib. The values
represent the means = S.D. (n = 3).
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FIGURE 9. Immunoblot analysis of crude extracts prepared from HTLV-
1-infected (MT4, C8166, and HUT102) or uninfected (CEM, Jurkat, and
H9) T cell lines. Protein extracts were electrophoresed on a SDS, 9% poly-
acrylamide gel and analyzed by Western blotting using anti-hScrib (top
panel) or anti-actin antibodies (bottom panel), immunoblotting against
actin being used as a loading control. The molecular mass markers (in
kilodaltons) are indicated on the right of both panels.

gest that Tax might inhibit hDlg and hScrib activities by alter-
ing their subcellular localization through interactions with
their PDZ domains.

Other oncoproteins encoded by tumorigenic viruses have
been found to interact with hDIlg or hScrib (18, 22, 29). For
example, the high risk tumor-promoting HPV-16 and HPV-18
E6 proteins also bind to both hDlg and hScrib and stimulate
their degradation (29, 42). Moreover, PDZ binding activity of
E6, which is distinct from the ability of E6 to bind and degrade
p53, is important for cell transformation and has been shown to
be necessary for the stimulation of epithelial hyperplasia in
transgenic animals (43). The fact that Tax and E6 target hDlg
and hScrib is consistent with the possibility that both PDZ
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FIGURE 10. Tax alters subcellular localization of hScrib in HTLV-1-infected
T cell lines (C8166 and HUT102). CEM cells (panels a-d) were transfected
with pEGFP-hScrib (panels a and b) or pEGFP-hScribAPDZs (panels ¢ and d),
cultivated on glass slides, and fixed, and the analysis of green fluorescence
(panels a and c) was performed by confocal microscopy; the morphology of
transfected cells (panels b and d) was characterized by Normaski differential
interference contrast (NDIC). For colocalization observation of endogenous
Tax with EGFP-hScrib in transfected C8166 (panels e~ h) and HUT102 (panels
m-p) cells, analysis of green (panels e and m), red (panels fand n), and merged
(panels g and o) fluorescence was also performed with a confocal microscope.
The Tax protein was detected by using the anti-Tax antibody and goat anti-
mouse immunoglobulin G antibody coupled to Texas Red. As a negative con-
trol, the same approach was performed with C8166 (panels i-) and HUT102
(panels g-t) cells transfected with pEGFP-hScribAPDZs.
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FIGURE 11.Colocalization of Tax and hScrib in HTLV-l infected cells. C8166
and HUT102 cells were stained for hScrib (green) and Tax (red) as already
described in the legend of the Fig. 5, except we used the goat anti-hScrib
antibody K-21 of Santa Cruz Biotechnology Inc. to detect endogenous hScrib.
Colocalizations of Tax with hScrib are in yellow, highlighted by arrows. NDCI,
Normaski differential interference contrast.
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domain-containing proteins cooperate in an analogous path-
way in mammalian cells. Viral oncoproteins might target both
proteins to exert their biological effects by blocking the forma-
tion of multiprotein complexes containing hDlg and hScrib
involved in the control of cell proliferation. In Drosophila, ana-
tomical and biochemical experiments have shown that Dlg and
Scrib form a complex with the GUKH (GUK holder) protein at
neuromuscular junctions (27). It has been proposed that the
binding of GUKH to the GUK domain of Dlg could cause steri-
cal changes in GUKH, which would result in the exposure of the
PBM for interaction with the second PDZ domain of Scrib (27).
This study provides evidence that Dlg and Scrib may be directly
associated to form a network of multiprotein complexes in
insect cells involved in the regulation of synapse formation.
However, for the moment, such a protein capable of linking
hDlg and hScrib in a common complex has not been yet char-
acterized in mammalian cells. Of course, APC has been
described to interact with human homologs of both Drosophila
tumor suppressors (20, 44), but, in this case, the PDZ domains
of hScrib and hDlg are probably competing for the interaction
with the C-terminal PBM of APC. The APC-hDlg complex is
involved in the negative regulation of cell cycle progression
from G,/G;, to S phase (20), and Tax is able to block this inhib-
itory effect by disrupting the complex between APC and hDlg
(12). On the other hand, the role of the interaction between
hScrib and APC still remains unclear, although it has been
found that this association is essential for the structure of the
adherens junction in epithelial cells (44). Adherens junctions
connect adjacent cells and are known to play a role in cell-to-
cell communications. Loss of junction integrity has been linked
to tumor development, providing a hypothetical link between
the degradation of hScrib and hDIg by the high risk E6 protein
and the development of cervical cancer. In the same way, the
Tax transforming activity in the Rat 1 fibroblast cell line might
also be explained by the loss of cell contact inhibition due to the
mislocalization of hDlg caused by its interaction with Tax (10).
However such a mechanism does not really explain why Tax
PBM promotes T cell proliferation (9).

T cell proliferation requires cell polarization, which involves
morphological changes that are dictated by the recruitment of
surface receptor, signaling complexes, and cellular organelles to
discrete functional domains, such as the immunological syn-
apse (IS) and the uropod (45, 46). IS formation starts with the
binding of peptide-major histocompatibility complex com-
plexes to TCRs and results in a change of polarity of the T cell,
with recruitment of proteins such as Ezrin and CD43 to the
distal pole of the cell and translocation of the microtubule orga-
nizing center to the IS. In addition, IS formation induces a com-
plex series of signaling events that leads to the activation of T
cells. Because the cytoplasmic tails of both TCR « and 3 chains
have no signaling capacity, intracellular signals derive mainly
from associated CD3 molecules and partially from accessory
molecules like CD8/CD4 and costimulatory molecules, such as
CD28. Two of the first molecules to be activated downstream of
the TCR are the Src family tyrosine kinases p56'°* (Lck) and
p59”” (Fyn), which catalyze phosphorylation of other mole-
cules and lead to downstream signaling cascades, resulting in an
increase of cytoplasmic Ca”>" and the activation of transcrip-
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tion factors, including NF-AT, NF-«B, and AP-1. Many obser-
vations have suggested that HTLV-1-infected T cells exhibit
altered expression or activity of key molecules implicated in T
cell activation (for instance, the modulation of the TCR-CD3
complex (47), the absence of Lck expression (48), and the over-
expression of FynB (49)). Interestingly, hDlg directly interacts
with Lck in T lymphocytes (50), and it has been suggested that,
through this interaction, hDlg could coordinate phosphoryla-
tion of others molecules by Lck (15). Moreover, although many
of molecular scaffolds and signals involved in T cell polarization
have been elucidated, the exact mechanism by which T cell
polarity is regulated is a matter of speculation. An interesting
possibility for the regulation of T cell polarity and morphology
during IS formation has been recently suggested and involves a
network of PDZ-containing proteins, including hScrib and
hDlg (28). In addition, the polarization network integrates cell
shape with signaling by influencing the localized activity of sig-
naling molecules. Indeed, it has been demonstrated that hDlg
can regulate the activation of NFAT (15, 16). In this study, we
show that hScrib has a similar effect on this transcription factor
because its overexpression attenuated NFAT reporter activity
in anti-CD3/anti-CD28-stimulated Jurkat cells. Interestingly,
reduction in hDlg expression resulted in an increase of NFAT
activation, leading to the conclusion that hDlg could act as a
negative regulator of T cell signaling (16). Thus, by interacting
with hScrib and hDlg, Tax could counteract this negative effect
on NFAT activation and then stimulate T cell proliferation.
However, for the moment, the mechanism by which hDIg and
hScrib negatively controls the NFAT pathway remains com-
pletely unknown, and for this reason, additional data must be
accumulated to confirm this hypothesis.

In conclusion, we show herein that, in addition to hDlg,
hScrib is also targeted by Tax. This suggests that the interaction
of both PDZ domain-containing proteins with Tax may dys-
regulate transmembrane signaling, although altered signaling
would seem more likely to disrupt rather than activate prolifer-
ation signals. The exact molecular mechanism by which hDlg
and hScrib control T cell signaling is presently unclear. A sec-
ond scenario recently suggested by Frese et al. (51) may be more
attractive and argues that the oncogenic activity of hDlg
depends on the presence of the viral oncoprotein E4-ORF1.
Future studies will be aimed at the characterization of the pre-
cise function of hScrib and hDlg in T lymphocytes to under-
stand the possible links between their association with Tax and
T cell proliferation.
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