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The discs large (hDlg) tumor suppressor is intimately
involved in the control of cell contact, polarity, and pro-
liferation by interacting with several components of the
epithelial junctional complex and with the APC tumor
suppressor protein. In epithelial cells, hDlg protein sta-
bility is regulated through the ubiquitin-proteasome
pathway: hDlg is actively degraded in isolated cells,
whereas it accumulates upon cell-cell contact. During
neoplastic transformation of epithelial cells, loss of the
differentiated morphology and progression toward a
metastatic phenotype correlate with down-regulation of
hDlg levels and loss of contact-dependent stabilization.
Here we show that upon hyperphosphorylation, hDlg
interacts with the �-TrCP ubiquitin ligase receptor
through a DSGLPS motif within its Src homology 3 do-
main. As a consequence, overexpression of �-TrCP en-
hances ubiquitination of Dlg protein and decreases its
stability, whereas a dominant negative �-TrCP mutant
inhibits this process. Furthermore, a mutant Dlg protein
that is unable to bind �-TrCP displays a higher protein
stability and is insensitive to �-TrCP. Using RNA inter-
ference, we also demonstrate that endogenous �-TrCP
regulates hDlg protein levels in epithelial cells. Finally,
we show that �-TrCP selectively induces the degrada-
tion of the membrane-cytoplasmic pool, without affect-
ing the nuclear pool of hDlg.

Ubiquitin-mediated proteolysis is a highly selective, tempo-
rally controlled and tightly regulated pathway that plays cru-
cial roles in a broad array of basic cellular processes, including
regulation of the cell cycle, control of signal transduction, dif-
ferentiation, and development. All of these processes involve
transition states, which require the fast and irreversible de-
struction of specific subsets of proteins. The high specificity of
the system relies mainly on the ubiquitin-protein ligases,
which directly bind both the substrate and the ubiquitin-con-
jugating enzymes. At this step the entire degradation process
can be regulated through diverse signaling pathways, depend-
ing upon the particular cellular conditions. Typical examples
are represented by degradation of �-catenin and I�B, whose
dynamic phosphorylation modulates their interaction with an
SCF multisubunit ubiquitin ligase (1, 2). SCF (Skp1�cullin-1�F-

box protein) complexes are named according to the variable
F-box subunit (e.g. SCF�-TrCP, SCFSkp2), which provides the
substrate specificity. The F-box protein �-TrCP (also known as
Fbw1a, �-TrCP1, E3RS, and FWD1) has been demonstrated to
mediate the phosphorylation-dependent degradation of I�B (3)
and �-catenin (4) by specifically recognizing the serine-phos-
phorylated motif DSGXXS within these proteins. �-Catenin
has a dual role: a membrane pool participates in formation of
adherens junctions, whereas a short-lived soluble pool func-
tions as signal transducer/transcription factor to promote pro-
liferation, an activity that is tightly controlled by means of
regulating its stability (5). This is achieved by a destruction
complex containing the APC tumor suppressor protein, axin,
the GSK3� kinase, and the F-box protein �-TrCP (4, 6). GSK3�
phosphorylates �-catenin on two Ser residues within the
�-TrCP binding site, leading to its ubiquitination by the
SCF�-TrCP ligase (1, 4, 6). Wnt signaling blocks �-catenin ubiq-
uitination, thereby stimulating proliferation. Besides �-cate-
nin, several proteins are clustered at the basolateral mem-
brane of polarized epithelial cells, where they are involved both
in the structural organization of the cell junctions and in trans-
ducing signals that regulate cell proliferation. Among them is
hDlg, the human homolog of the Drosophila tumor suppressor
Discs Large (DLG), which is involved in regulation of cell
adhesion, apicobasal polarity, and proliferation. Mutations
causing loss of DLG function result in aberrant morphology
and invasive growth of epithelial cells, causing embryonic
lethality (7, 8). Recently, a murine Dlg truncating mutation
was described, which is associated with impaired morphogen-
esis during development and perinatal death (9). Human Dlg is
the prototype member of the MAGUK (membrane-associated
guanylate kinase) family of multidomain proteins and contains
an N-terminal proline-rich SH3 1 binding domain, three PDZ
domains, an SH3 domain, and a C-terminal guanylate kinase
homology domain. Cell-cell adhesion mediated by E-cadherin
induces the translocation of hDlg from cytoplasmic pools to
the plasma membrane (10), where both proteins colocalize
at the adherens junctions (10, 11). hDlg acts as a central player
in the organization of these structures, being connected with
both the actin cytoskeleton and the plasma membrane through
binding members of the 4.1/ERM family of cytoskeletal pro-
teins (12–14) which, in turn, form a complex with the mem-
brane glycoprotein CD44 (12). Moreover, hDlg interacts with
hCASK (15, 16), also involved in connecting the actin cytoskel-
eton with the membrane junctions and the extracellular matrix
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(17, 18). Although some hDlg isoforms are associated with the
cell membrane, others show nuclear localization, possibly per-
forming signaling functions (19). Similarly to its Drosophila
homolog, hDlg appears to have dual roles in governing both
polarity and proliferation of epithelial cells. It has been shown
that hDlg binds directly to the APC tumor suppressor via its
PDZ domain 2 (20) and that formation of this complex has a
role in APC-mediated cell cycle arrest (21). Indeed, mutant
APC proteins that are no longer able to bind hDlg appear to be
less effective in this respect. We have shown previously that in
differentiated epithelial cells, hDlg protein accumulates upon
cell-cell contact, being rapidly degraded by the ubiquitin-pro-
teasome pathway in isolated cells (22). However, loss of differ-
entiated epithelial morphology and progression toward a
highly transformed and metastatic phenotype of epithelial tu-
mor cells are associated with down-regulation of hDlg protein
levels and loss of its contact-dependent stabilization (22, 23).2

Significantly, the growth suppressive activities of hDlg repre-
sent a common target for several viral transforming proteins,
including high risk human papilloma virus E6 (24, 25), human
T-cell lymphotrophic virus-1 Tax (26), and adenovirus 9
E4ORF1 (25). All of these bind specifically to the PDZ-2 domain
of hDlg, thereby inhibiting its interaction with APC and the
consequent block of cell cycle progression (26). Moreover, onco-
genic human papilloma virus E6 also targets Dlg for ubiquitin-
mediated degradation (27, 28). We are interested in investigat-
ing the regulation of hDlg in normal and transformed cells. The
findings that hDlg forms a complex with both �-catenin and
APC (20) and that hyperphosphorylated hDlg is selectively
degraded by the proteasome pathway (22) prompted us to in-
vestigate the possibility that hDlg could be regulated through
a pathway similar to �-catenin, involving the SCF�-TrCP

ubiquitin ligase.

MATERIALS AND METHODS

Plasmids—The plasmids encoding full-length GST-Dlg fusion pro-
tein and its deletion mutant derivative GST-CT-Dlg (which contains the
Dlg residues downstream from amino acids 539) were kindly provided
by R. Javier and have been described previously (25, 27). GST-NT-Dlg
(containing Dlg amino acid residues 1–382) and GST-�SH3-Dlg (bear-
ing a deletion encompassing residues 549–617) plus the plasmids for
mammalian expression of HA-tagged FL-Dlg and �SH3-Dlg proteins
were all kindly provided by D. Gardiol and have been described previ-
ously (29). Myc epitope-tagged �-TrCP and �F�-TrCP expression plas-
mids were kindly provided by R. Benarous and have been described
previously (1, 30). HA-tagged ubiquitin expression plasmid was kindly
provided by C. Kühne. Dlg point mutants FL-M1 (S597A) and FL-M2
(S597A and S601A) were constructed by site-directed mutagenesis us-
ing the Gene Tailor Kit (Invitrogen) for PCR-based mutagenesis follow-
ing the manufacturer’s instructions. The plasmid encoding full-length
GST-Dlg fusion protein was used as a template, and the obtained
mutants were verified by DNA sequencing. FL-M2 Dlg was then sub-
cloned in BamHI/EcoRI sites of pcDNA3-HA for mammalian
expression.

Antibodies—The production and purification of a polyclonal antibody
against Dlg have been described previously (22). Anti-HA monoclonal
antibody was from Roche Applied Science. Anti-�-galactosidase mono-
clonal antibody was from Promega. Rabbit polyclonal anti-HA antibody,
anti-hDlg monoclonal antibody (2D11), and goat polyclonal anti-�TrCP
antibodies were from Santa Cruz Biotechnology. Anti-Myc monoclonal
antibody was 9E10 hybridoma supernatant (31). Biotinylated anti-
mouse and anti-rabbit antibodies plus horseradish peroxidase-conju-
gated anti-goat antibodies and horseradish peroxidase-avidin were
from DAKO. Fluorescein-conjugated goat anti-mouse and rhodamine
red-conjugated goat anti-rabbit secondary antibodies were from Molec-
ular Probes.

GST Pull-down Assays—�-TrCP was translated in vitro using the
TNT-coupled rabbit reticulocyte system (Promega) and 10 �Ci of
[35S]cysteine (1,000 Ci/mmol) (Amersham Biosciences), as specified by
the manufacturer. For �-TrCP pull-down assays, equal amounts of

different GST-fused Dlg proteins bound to glutathione-linked agarose
beads were incubated with a fixed amount of the in vitro translated
�-TrCP protein for 1 h at room temperature in a final volume of 100 �l,
in a binding buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl,
and 2.5 mM EDTA. Bound proteins were washed extensively in PBS
containing 1% Nonidet P-40 before analysis by SDS-PAGE and auto-
radiography. Alternatively, GST-Dlg beads were first incubated for 15
min at 30 °C with 10 �g of HaCaT cell extract in the presence of 200 �M

ATP in a kinase buffer containing 20 mM Tris, pH 7.5, 10 mM MgCl2,
and 30 mM phosphatase inhibitor 4-nitrophenyl phosphate, washed
twice in binding buffer supplemented with 30 mM 4-nitrophenyl phos-
phate, and then used for binding assay as above. For the phosphatase
assays, after incubation with the HaCaT cell extract, GST-Dlg beads
were rinsed in PBS and incubated with 400 units of � protein phospha-
tase (New England Biolabs) for 15 min at 30 °C prior to the binding
assay. Quantitation of the binding levels was done by scanning the gels
using a Packard Instant PhosphorImager.

Western Blotting—Cells were rinsed in ice-cold PBS, lysed on ice in
buffer A (50 mM Hepes pH 7.0, 250 mM NaCl, 0.1% Nonidet P-40, 2
�g/ml aprotinin, 100 �M TPCK, and 50 �M TLCK) for 10 min, and then
cleared by centrifugation at 13,000 rpm for 10 min at 4 °C. Protein
concentrations were determined using the Bio-Rad Protein Assay sys-
tem, and equal amounts were then separated on SDS-PAGE and trans-
ferred to nitrocellulose membrane. Proteins were detected with the
appropriate specific antibodies and developed with the Amersham ECL
system according to the manufacturer’s instructions.

Immunoprecipitations—Cells were rinsed in ice-cold PBS and lysed
on ice in buffer B (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Nonidet
P-40, 5% glycerol, 100 �M TPCK, 50 �M TLCK, and 30 mM 4-nitrophenyl
phosphate). Cell lysates were cleared by centrifugation at 13,000 rpm
for 10 min, incubated with appropriate specific antibodies for times
ranging from 1 h to overnight at 4 °C, and subsequently mixed with
either protein A- or protein G-agarose beads (Amersham Biosciences)
for 40 min. Where necessary, the anti-Dlg and anti-�-TrCP antibodies
were covalently bound to the protein A or protein G using 5 mg/ml
dimethylpimelimidate (Pierce) as cross-linker.

Cell Culture, Proteasome Inhibition, and Transfections—Human em-
bryonic kidney 293 cells, human osteosarcoma U2OS cells, and HaCaT
immortalized human skin keratinocytes were all maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum,
2 mM L-glutamine, 100 units/ml penicillin, and 100 �g/ml streptomycin
at 37 °C and 10% CO2. For proteasome inhibition, growing cells were
treated with CBZ (N-carbobenzoxy-Leu-Leu-leucinal, Sigma, MG132)
at a final concentration of 50 �M for 4 h prior to harvesting for subse-
quent analysis. 293 cells were transiently transfected by standard cal-
cium phosphate precipitation procedure.

Measurement of Dlg Protein Stability—At 24 h post-transfection,
cells were treated with 50 �M cycloheximide for the times indicated and
subsequently harvested. The amount of wild-type and mutant Dlg pro-
teins remaining was then analyzed by Western blot as above described
and subsequently estimated by densitometric scanning.

RNA Interference—Small interfering RNAs (siRNA) for human
�-TrCP (32) and control scrambled siRNA were synthesized by Dhar-
macon Research, Inc. (Lafayette, CO). The sequences of �-TrCP siRNA
were 5�-GUGGAAUUUGUGGAACAUCTT-3� (sense) and 5�-GAU-
GUUCCACAAAUUCCACTT-3� (antisense). Transfection of 293 cells
was performed using Oligofectamine (Invitrogen) according to the man-
ufacturer’s instructions. Briefly, the cells were seeded into tissue cul-
ture plates 12–16 h prior to transfection. About 0.6 nmol of either the
�-TrCP or control siRNA was transfected per 1 ml of culturing medium.
72 h later, cells were lysed, and either RNA extraction was performed,
or protein extracts were prepared for PAGE analysis.

RNA Extraction and RT-PCR—The efficiency of �-TrCP gene sup-
pression was monitored by RT-PCR, using the expression of GAPDH
mRNA as a control. Total cellular RNA was isolated from cultured cells
with TriZol reagent (Invitrogen) according to the manufacturer’s in-
structions, and DNase was treated and quantified. 5 �g of total RNA
was reverse transcribed for 30 min at 37 °C and then for 30 min at 42 °C
using 200 units of Moloney murine leukemia virus reverse tran-
scriptase (Invitrogen) and either the �-TrCP-specific antisense primer
5�-AGGTATGACAGAATGTTCTCA-3� or an oligo(dT) primer. 30 cycles
of amplification were then performed using either �-TrCP primers:
5�-CACTTAGACACATACAACA-3� and 5�-TCTGCAACATAGGTTTAA-
GAT-3� or GAPDH primers 5�-CATGCCATCACTGCCACCCAG-3� and
5�-TGGTGGACCACGAGTCACATC-3�. 309-bp �-TrCP and 307-bp
GAPDH amplification products were then separated on agarose gel.

Immunofluorescence—U2OS cells were grown in glass slide cham-
bers and transfected with Myc epitope-tagged �-TrCP expression vec-2 F. Mantovani, unpublished observations.
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tor. After 36 h the cells were washed in PBS, fixed in 3% paraformal-
dehyde in PBS at room temperature for 20 min, permeabilized for 4 min
in 0.1% Triton X-100 and PBS, stained with anti-Myc monoclonal an-
tibody and with 5 �g/ml anti-Dlg antibody for 1 h at 37 °C, and detected
with a fluorescein isothiocyanate-conjugated goat anti-mouse antibody
and a Rhodamine-conjugated goat anti-rabbit antibody (Molecular
Probes) for 20 min at 37 °C. After extensive washing the slides were
mounted with Vectashield mounting medium (Vector Laboratories) and
subsequently analyzed with a Leica DMLB microscope and a Photomet-
rics Coolsnap camera.

RESULTS

hDlg Contains a Putative Consensus Binding Site for the
F-box Protein �-TrCP—It has been reported that the F-box
protein �-TrCP, which is the substrate-binding component of
the SCF�-TrCP ubiquitin ligase complex, recognizes a serine-
phosphorylated consensus sequence DSGXXS (in single-letter
code, where X is any residue) within its substrates. An analysis
of the primary sequence of the Dlg protein revealed a motif
perfectly matching this consensus: DSGLPS involving residues
596–601, which lie within the SH3 domain. Interestingly, this
sequence appears to be conserved among human and rat Dlg
(Sap97). Fig. 1A shows a comparison of the putative �-TrCP
consensus binding site of rat and human Dlg with those of some
known substrates of �-TrCP, such as �-catenin, I�B, ATF4, and
Vpu.

Dlg and �-TrCP Proteins Interact in Vitro—This finding
prompted us to investigate whether hDlg and �-TrCP proteins
could interact. We used a series of GST-fused Dlg proteins,
schematically depicted in Fig. 1B. These are full-length FL-Dlg
and its deletion derivatives: �SH3-Dlg, lacking the SH3 do-
main; NT-Dlg, which contains the N-terminal domain plus PDZ
domains 1 and 2; and CT-Dlg, which contains the SH3 and GuK
domains. These proteins were tested for binding to in vitro
translated, radiolabeled �-TrCP protein. As shown in Fig. 2A,
�-TrCP did not show any significant interaction with Dlg pro-
teins in a standard in vitro binding assay. However, because
�-TrCP has been shown to bind phosphorylated proteins selec-
tively (1, 33), we repeated the assay incubating the GST fusion
proteins with 10 �g of total extract of HaCaT keratinocytes as
a source of cellular kinases in the presence of ATP. To monitor
the efficiency of phosphate incorporation, one set of reactions
was performed in the presence of [�-32P]ATP, showing that the
Dlg proteins were all phosphorylated (not shown). When the
pull-down assay was repeated upon incubating the beads with
cell extract, both FL-Dlg and CT-Dlg, but not the Dlg mutant
proteins lacking the SH3 domain, showed a greatly enhanced
interaction with �-TrCP (Fig. 2A). To determine whether this
interaction was indeed a consequence of Dlg phosphorylation,
FL-Dlg was first incubated with cell extract and then either
treated or not with � phosphatase before the binding assay. As
can be seen in first four lanes of Fig. 2B, phosphatase treatment
almost completely abolished the binding of �-TrCP to wild-type
FL-Dlg. Identical results were also obtained with the CT-Dlg
protein (Fig. 2B, last three lanes). To assess directly whether
the interaction of �-TrCP is mediated by the sequence DSGLPS
spanning residues 596–601 of Dlg, we constructed two Dlg
point mutants, by replacing either serine 597 (FL-M1) or both
serines at positions 597 and 601 (FL-M2) with alanine resi-
dues. These mutations are depicted in Fig. 1B. As shown in Fig.
2B, mutation of Ser-597 (FL-M1) greatly reduced the interac-
tion of Dlg with �-TrCP (from 28 to 7% of the input), whereas
mutation of both Ser-597 and Ser-601 virtually abolished it.
Interestingly, phosphatase treatment further reduced the re-
sidual binding of FL-M1 protein, whereas no difference was
observed in the background level of interaction between
�-TrCP and the M2 mutant protein.

In conclusion, these results show that the Dlg and �-TrCP
proteins interact in vitro. This is strictly dependent upon the
integrity of the DSGLPS consensus sequence in the SH3 do-
main of Dlg, whereas the N terminus and the first two PDZ
domains are not required. Moreover, these experiments also
suggest that phosphorylation by as yet unidentified cellular
kinase(s) is necessary to allow the purified Dlg protein to in-
teract with �-TrCP and that serines 597 and 601 of Dlg are
most likely involved in this process.

Dlg and �-TrCP Proteins Interact in Vivo—To investigate
whether the Dlg and �-TrCP proteins interact in cells, Myc-
tagged �-TrCP was overexpressed in 293 cells with either HA-
tagged FL-Dlg or �SH3-Dlg. After 36 h, the cells were treated
for 4 h with the proteasome inhibitor CBZ (MG132), then
harvested and immunoprecipitated with either anti-HA or an-
ti-Myc antibodies. The immune complexes were subsequently
analyzed by Western blot. As expected, when FL-Dlg was
transfected, the anti-HA antibody immunoprecipitated two
bands of �100 kDa (Fig. 3A), whereas two bands of slightly
lower molecular mass were immunoprecipitated from cells
transfected with the �SH3-Dlg expression plasmid. When
�-TrCP and FL-Dlg proteins were coexpressed, the anti-HA
antibody also precipitated a protein of about 60 kDa, which
corresponds to �-TrCP, because this also comigrates with the
�-TrCP protein immunoprecipitated by the anti-Myc antibody

FIG. 1. A putative consensus binding site for the F-box protein
�-TrCP is present in the SH3 domain of human and rat Dlg
protein. A, comparison of the six-amino acid consensus motif identified
within hDlg and rat Dlg/Sap97 proteins with those bound by �-TrCP in
�-catenin, I�B, HIV-1 Vpu, and ATF4 proteins. B, schematic represen-
tation of the wild-type (wt) (FL-Dlg) and mutant Dlg proteins used in
this study. NT-Dlg contains the N-terminal domain plus the first two
PDZ domains (amino acids 1–382). �SH3-Dlg has a deletion encompass-
ing the SH3 domain (amino acids 549–617). CT-Dlg contains the SH3
and GuK domains (amino acids 539–911). FL-M1 bears a Ser to Ala
amino acid substitution at position 597 within the �-TrCP putative
consensus binding site, whereas FL-M2 has both Ser-597 and Ser-601
mutated to Ala.
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(Fig. 3A). Moreover, this band was absent from the anti-Myc
immune complex when �-TrCP was not transfected. Vice versa,
two bands corresponding to the FL-Dlg protein were precipi-
tated by the anti-Myc antibody when �-TrCP and FL-Dlg were
cotransfected but not when only FL-Dlg was present. These
results clearly show that FL-Dlg associates with �-TrCP pro-
tein in 293 cells. In agreement with the results obtained from
the in vitro binding assay, �SH3-Dlg did not coimmunoprecipi-
tate with �-TrCP (Fig. 3A), confirming that the SH3 domain of
Dlg, containing the DSGLPS binding site, is required for the
interaction of the two proteins in vivo. The results of the in
vitro binding assay suggest that �-TrCP interacts specifically
with phosphorylated Dlg protein. To confirm this, after immu-
noprecipitation with anti-Myc the immunocomplex was incu-
bated with � phosphatase prior to gel loading. As seen in Fig.
3A (third lane), the migration of the coimmunoprecipitated
HA-Dlg protein changed significantly upon phosphatase treat-
ment, demonstrating that the Dlg protein that interacts with
�-TrCP is phosphorylated. This result, together with the obser-
vation that the SH3 domain is essential for the interaction, is
consistent with the data indicating that �-TrCP forms a com-
plex with Dlg in vitro when this is phosphorylated within the
DSGLPS site.

Endogenous hDlg and �-TrCP Proteins Interact in HaCaT
Keratinocytes—To investigate whether the endogenous hDlg
and �-TrCP proteins could form a complex in human epithelial
cells, immunoprecipitation of untransfected HaCaT cell lysates
was performed using polyclonal anti-Dlg antiserum, and the
immune complexes were then probed with anti-�-TrCP anti-
bodies on Western blot. The experiment was also performed

vice versa by immunoprecipitating the lysates with anti-�-
TrCP antibodies and subsequently probing for the presence of
hDlg by Western blot. As shown in Fig. 3B, several protein
bands migrating at about 100–130 kDa and recognized by the
anti-Dlg antibody were present in the anti-�-TrCP immunopre-
cipitate. These bands were identifiable as hDlg protein forms
because they were also found in the anti-Dlg immunoprecipi-
tate, and they could not be detected when the cell lysates were
precipitated with a nonimmune serum (PI). The hDlg-�-TrCP
protein interaction was also demonstrated using the anti-Dlg
antiserum to coimmunoprecipitate a 60-kDa protein recognized
by the anti-�-TrCP antibodies, which comigrates with the
�-TrCP protein present in the anti-�-TrCP immunoprecipitate.
From these results it can be concluded that the endogenous
hDlg and �-TrCP proteins are present in the same complex
within HaCaT epithelial cells.

Overexpression of �-TrCP Enhances Ubiquitin Conjugation
of Wild-type FL-Dlg but Not of Mutant FL-M2 Dlg Protein in
Vivo, whereas F-box-deleted �F�-TrCP Inhibits the Process—
The above finding prompted us to investigate the role of
�-TrCP in the ubiquitination and degradation of hDlg. There-
fore an in vivo ubiquitination assay was established, to allow
detection of the short lived ubiquitin intermediates of Dlg.
HA-tagged FL-Dlg was transiently overexpressed into 293 cells
together with HA-tagged ubiquitin, either alone or in the pres-
ence of �-TrCP. 24 h post-transfection, the cells were treated
with the proteasome inhibitor CBZ to block degradation of
ubiquitin-conjugated proteins. The cells were then harvested,
and cell lysates were immunoprecipitated with anti-Dlg anti-
body, in the presence of CBZ and the isopeptidase inhibitor

FIG. 2. Binding to �-TrCP protein in
vitro is mediated by the DSGLPS do-
main of Dlg and depends upon its
phosphorylation by cellular kinases.
A, upper panel, radiolabeled in vitro
translated (IVT) �-TrCP protein was in-
cubated with purified GST-Dlg fusion
proteins (FL, �S, NT, and CT) or with
GST alone as a control. The same experi-
ment was also performed in parallel, by
preincubating the GST fusion proteins
with an extract of HaCaT keratinocytes in
the presence of ATP prior to mixing them
with in vitro translated �-TrCP. After
washing, bound proteins were assessed by
SDS-PAGE and autoradiography and
quantitated by PhosphorImager scan-
ning. The lower panel represents the Coo-
massie-stained gel showing fusion protein
levels. B, wild-type (GST-FL) and mutant
Dlg proteins (M1, single point mutant;
M2, double point mutant) were either left
untreated or incubated with HaCaT cell
extract and ATP as in A and either sub-
sequently treated or not with � phospha-
tase. Pull-down assays were then per-
formed as in A with in vitro translated,
radiolabeled �-TrCP protein.
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N-ethylmaleimide to inhibit destruction of the ubiquitin conju-
gates. Finally, ubiquitinated Dlg was revealed by anti-HA
Western blot. As shown in Fig. 4A, proteasome inhibition
causes the appearance of a ladder of high molecular mass
bands in the anti-Dlg immunoprecipitate, which are barely
detectable in the absence of CBZ. Appearance of these forms of
Dlg was greatly enhanced upon coexpression of �-TrCP. This
suggests that the high molecular mass Dlg forms stabilized by
proteasome inhibition correspond to ubiquitin-conjugated Dlg
molecules. To confirm this, we coexpressed HA-FL-Dlg and
HA-ubiquitin together with a mutant �-TrCP protein lacking
the F-box domain, �F�-TrCP. �F�-TrCP is unable to bind to
Skp1, the core component of the SCF ubiquitin ligase complex,
therefore acting as a dominant negative, inhibiting the ubiq-
uitination of the cellular substrates of �-TrCP (30). As can be
seen in the last two lanes of Fig. 4A, when �F�-TrCP was
expressed the high molecular mass forms of Dlg were no longer
detected upon proteasome inhibition. This result demonstrates
that ubiquitination of Dlg in vivo is inhibited by the dominant
negative mutant �F�-TrCP protein, suggesting that the endog-
enous �-TrCP protein plays a role in this process. Identical
results were also obtained coexpressing untagged Dlg protein
together with HA-tagged ubiquitin, to avoid the use of the HA
tag to detect both Dlg and ubiquitin (data not shown). As a
further control the double point mutant FL-M2 Dlg, which is

unable to interact with �-TrCP, was also tested in this assay.
As can be seen in Fig. 4B, when expressed in 293 cells this
mutant protein is clearly less ubiquitinated compared with
wild-type Dlg, and, importantly, the overexpression of �-TrCP
does not increase its level of ubiquitin conjugation.

Expression of �-TrCP Causes Proteasome-mediated Degrada-
tion of Wild-type FL-Dlg but Not of Mutant FL-M2 Dlg Pro-
tein—The above results suggest that �-TrCP is responsible for
the ubiquitin conjugation of Dlg protein in vivo, therefore it
was logical to determine whether it can also cause a reduction
in the levels of Dlg protein in cells. To do this, HA-tagged
FL-Dlg was transfected into 293 cells together with increasing
amounts of �-TrCP. 36 h after transfection, cells were treated
with either CBZ proteasome inhibitor or with dimethyl sulfox-
ide as a control, and the steady-state levels of Dlg were then
analyzed by Western blot. Equal transfection efficiency was
assessed by analyzing the expression of cotransfected �-galac-
tosidase. As shown in the left panel of Fig. 4C, expression of
�-TrCP caused a marked reduction in the levels of FL-Dlg
protein. This effect was dose-dependent and, importantly,
could be rescued by treatment with the proteasome inhibitor
CBZ. To confirm these results further, the same experiment
was done in the presence of �F�-TrCP, and this time no reduc-
tion in FL-Dlg protein levels was observed. The experiment
was also performed on the FL-M2 mutant Dlg protein, which
does not bind �-TrCP, and the result shows that �-TrCP has no
effect on its steady-state levels (Fig. 4C, right panel). The above
results lead to the conclusion that �-TrCP is able to down-
regulate Dlg protein levels through the proteasome pathway
and that the DSGLPS binding site within the SH3 domain of
Dlg is necessary for this process.

�-TrCP Decreases the Stability of Wild-type FL-Dlg but Does
Not Affect the FL-M2 Dlg Mutant Protein—We then wanted to
verify that the observed decrease in the steady-state levels of
Dlg protein upon �-TrCP overexpression was caused by its
augmented turnover. Therefore, experiments were performed
to measure the stability of FL-Dlg protein, either in the absence
or presence of coexpressed �-TrCP and �F�-TrCP proteins.
24 h post-transfection 293 cells were treated with 50 �M cyclo-
heximide to block protein synthesis and either harvested im-
mediately (time zero) or after 2, 4, or 6 h. The residual FL-Dlg
protein was subsequently measured by Western blot and den-
sitometric scanning. Three independent experiments were per-
formed, and mean values are shown in Fig. 5A. FL-Dlg is
relatively unstable, with a half-life of �4.5 h, and coexpression
of �-TrCP significantly accelerates its turnover, shortening the
half-life down to 1.5 h. In contrast, upon coexpression of the
transdominant negative �F�-TrCP protein, the stability of FL-
Dlg appears increased, with an estimated half-life of about 8 h.
To verify that the effects of �-TrCP on Dlg protein stability
were specific, the same experiment was repeated using the
FL-M2 Dlg mutant protein. Interestingly, as can be seen in Fig.
5B, FL-M2 Dlg is much more stable compared with the wild-
type FL-Dlg protein, with a half-life of �8 h. In addition,
overexpression of �-TrCP does not significantly alter the turn-
over of this mutant protein.

Endogenous �-TrCP Is Essential for Proteasome-mediated
Degradation of hDlg in Epithelial Cells—We have demon-
strated that the endogenous hDlg and �-TrCP proteins form a
complex in human keratinocytes, and the transdominant neg-
ative effect of �F�-TrCP on ubiquitination and turnover of Dlg
protein would also suggest that the endogenous �-TrCP plays a
role in these processes. To provide direct genetic evidence that
�-TrCP is responsible for regulating hDlg stability, we ablated
the expression of �-TrCP in human 293 cells by RNA interfer-
ence (34). As expected from previous studies (32, 35), transfec-

FIG. 3. �-TrCP associates in vivo with phosphorylated Dlg pro-
tein, and the interaction is dependent on the presence of the
SH3 domain of Dlg. A, the HA-FL Dlg protein and its deletion deriv-
ative HA-�SH3 were transiently expressed in 293 cells, either alone or
together with Myc-tagged �-TrCP protein. After 36 h the cells were
treated with CBZ proteasome inhibitor for 4 h and then harvested. Cell
lysates were immunoprecipitated (IP) with either anti-HA or anti-Myc
antibodies and subsequently analyzed for the presence of HA-tagged
Dlg and Myc-tagged �-TrCP proteins by Western blot (WB). Prior to gel
loading, an aliquot of the immunoprecipitate was treated with � phos-
phatase. B, association between endogenous hDlg and �-TrCP proteins
in HaCaT keratinocytes. Untransfected HaCaT keratinocytes were
treated for 4 h with CBZ proteasome inhibitor before harvesting. Cell
lysates were then immunoprecipitated with either anti-Dlg or anti-
�TrCP polyclonal antibodies or with nonimmune serum as a control
(PI).
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tion of �-TrCP siRNA into 293 cells efficiently abolished the
expression of �-TrCP but not of the control gene GAPDH, as
determined by RT-PCR analysis shown in Fig. 6A. Most impor-
tantly, �-TrCP suppression gave rise to a stabilization of the
endogenous hDlg protein in the same cells. As shown in Fig.
6B, in cells transfected with �-TrCP siRNA hDlg protein levels
increased to those seen upon treatment with the proteasome
inhibitor CBZ. We can conclude from this result that �-TrCP
directly contributes to the regulation of hDlg protein turnover
in epithelial cells.

�-TrCP Facilitates Degradation of the Membrane-cytoplas-
mic hDlg Pool without Affecting the Nuclear hDlg Protein—
Because hDlg protein has been reported to localize in different
cellular compartments (19), we were interested in determining
whether �-TrCP preferentially targets a specific pool of hDlg.
To do this, immunofluorescence assays were performed (Fig. 7).
U2OS cells were transfected with Myc epitope-tagged �-TrCP,
and 36 h later the cells were fixed and stained with anti-Myc

antibody to identify the transfected cells (A and D), whereas
the endogenous hDlg protein was detected with the anti-Dlg
antibody (B and E). It can be seen that the overexpressed
�-TrCP protein is localized both within the nucleus and the
cytoplasm of the transfected cells, in agreement with previous
reports (4). The endogenous hDlg protein is clearly detectable
in the cytoplasm and at the membrane of the untransfected
cells, whereas in the cells that overexpress �-TrCP very little or
no hDlg is found at either membrane or cytoplasmic sites (C
and F). In contrast, the nuclear pool of hDlg does not appear to
be affected by overexpression of �-TrCP, although this protein
is expressed abundantly in the nucleus. These results suggest
that �-TrCP preferentially targets the hDlg protein localized at
membrane and cytoplasmic sites, but not nuclear hDlg.

DISCUSSION

Neoplastic transformation is a multistep process, during
which a precancerous cell progressively accumulates phenotyp-

FIG. 4. Overexpression of �-TrCP enhances ubiquitin-mediated degradation of wild-type Dlg but not of mutant FL-M2 Dlg,
whereas F-box-deleted �F�-TrCP inhibits this process. A, �-TrCP enhances ubiquitin conjugation of wild-type Dlg, whereas F-box-deleted
�F�-TrCP inhibits it. HA-FL-Dlg was transfected into 293 cells together with a HA-tagged ubiquitin expression vector and with either wild-type
�-TrCP, F-box-deleted mutant �F�-TrCP, or empty expression plasmid. 24 h post-transfection, the cells were treated with the CBZ proteasome
inhibitor for 4 h and then harvested. Cell lysates were immunoprecipitated with anti-Dlg antibody, and the ubiquitin-conjugated forms of Dlg
protein were revealed by anti-HA Western blot (WB). B, the FL-M2 Dlg mutant protein is not ubiquitinated by �-TrCP. Wild-type FL-Dlg or mutant
FL-M2 Dlg was transfected into 293 cells together with a HA-tagged ubiquitin expression vector and with wild-type �-TrCP where indicated. 24 h
post-transfection, the cells were treated with CBZ, harvested, and Dlg proteins analyzed for ubiquitin conjugation as in A. C, upper panels, �-TrCP
overexpression enhances proteasome-mediated degradation of wild-type Dlg, but not of the FL-M2 Dlg mutant protein. 293 cells were transiently
transfected with 3 �g of HA-tagged FL-Dlg (left panel) and M2-Dlg (right panel) expression plasmids, together with increasing amounts (2.5 and
5 �g) of wild-type �-TrCP expression plasmid, or with 5 �g of mutant �F�-TrCP expression plasmid, or with empty vector as a control. At 36 h
post-transfection cells were either treated with the proteasome inhibitor CBZ or with dimethyl sulfoxide as a control. The remaining HA-Dlg
proteins were then assessed by Western blot with anti-HA antibody. �-Galactosidase expression vector (0.2 �g) was included in each experiment
to monitor for transfection efficiency, as shown by the anti-�-galactosidase (��gal) Western blot in the lower panels.
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ical changes. In the course of epithelial tumor progression,
crucial steps toward the acquisition of a malignant and inva-
sive phenotype include deregulated cell proliferation, defective
cell-cell adhesion, and loss of apicobasal polarity. It is not

surprising that several proteins involved in cell contact and
adhesion are either the product of proto-oncogenes, such as
�-catenin (36), or tumor suppressor genes, such as APC (37).
Recent contributions to the understanding of how the orches-
tration of tissue architecture and the control of cell prolifera-
tion are connected have come from studies of Drosophila tumor
suppressor genes, which act in concert to regulate both cell
growth and polarity (7, 38). Their products are the membrane-
associated proteins DLG, Lgl, and Scrib, which rely on each
other for the correct localization and formation of epithelial
junctions. Mutations in any of these genes cause similar phe-
notypes: aberrant cell shape, altered apicobasal polarity, and

FIG. 5. �-TrCP decreases the stabil-
ity of wild-type Dlg protein but not of
its mutant FL-M2. Shown is an analysis
of the turnover rate of HA-tagged wild-
type FL-Dlg (A) and mutant FL-M2 Dlg
(B) proteins in 293 cells. 3 �g of each Dlg
expression construct was cotransfected
with either empty pCDNA vector (circles)
or with 2.5 �g of wild-type �-TrCP
(squares) or dominant negative mutant
�F�-TrCP (triangles) expression vectors.
24 h post-transfection the cells were
treated with 50 �g/ml cycloheximide
(CHX) and harvested after the indicated
times. The remaining Dlg protein was
then assessed by Western blot (WB) with
anti-HA antibody and densitometric scan-
ning. The amount of protein at 0 h was
defined as 100%, and results obtained
from three independent experiments are
shown in the accompanying graphs. West-
ern blots were also probed with anti-actin
antibody to ensure equal protein loading
at different time points.

FIG. 6. Depletion of endogenous �-TrCP by RNA interference
inhibits degradation of hDlg in 293 cells. A, RT-PCR analysis
showing the specific depletion of �-TrCP mRNA in 293 cells transfected
with either �-TrCP siRNA (�) or control scrambled siRNA (c). 72 h
post-transfection total RNA was extracted from the cells and subjected
to RT-PCR using either specific primers for amplifying �-TrCP (309 bp)
or GAPDH (307 bp) cDNAs as a control. B, Western blot (WB) showing
the levels of endogenous hDlg protein in 293 cells transfected with
either �-TrCP siRNA or control scrambled siRNA. 72 h after transfec-
tion, cells were either treated with the proteasome inhibitor CBZ (�) or
with dimethyl sulfoxide as control for 4 h before harvesting. The lower
panel shows probing of the Western blot with anti-actin antibody to
confirm equal protein loading.

FIG. 7. �-TrCP leads to degradation of cytoplasmic and mem-
brane-associated hDlg protein. U2OS cells were transfected with an
expression plasmid encoding Myc epitope-tagged �-TrCP, and 36 h later
the cells were fixed and stained with anti-Myc antibody to identify the
transfected cells (A and D) and with anti-Dlg antibody to detect the
endogenous hDlg protein (B and E). Overlaid photographs are shown (C
and F). The filled arrows mark the transfected cells, and the open
arrows indicate groups of untransfected cells. Note that untransfected
cells show abundant hDlg protein levels both within the membrane and
the cytoplasm, whereas very little or no hDlg is found in the membrane
and cytoplasm of the cells overexpressing �-TrCP.
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overproliferation of epithelial cells. There is growing evidence
that these roles are conserved in mammalian cells, at least for
the human homologs of DLG (22, 23) and Scrib (39). In addi-
tion, disruption of the complex between hDlg and the APC
tumor suppressor has been reported to impair APC-mediated
growth inhibition (21). Hence its roles in maintenance of epi-
thelial cytoarchitecture and control of cell proliferation make
hDlg a candidate tumor suppressor: its down-regulation has
been clearly shown to be associated with highly malignant
phenotypes in cervical neoplasia (23).

Similarly to what has been reported for �-catenin (1, 4, 40),
our previous studies on the human hDlg protein have high-
lighted a complex regulation that involves phosphorylation and
ubiquitin-mediated degradation. In differentiated epithelial
cells, localization of hDlg to the basolateral membrane junc-
tions leads to its stabilization, which appears to be promoted by
cell-cell contact. When the cells do not engage stable junctions,
hyperphosphorylated hDlg is degraded rapidly (22). It is also
clear that hDlg degradation is enhanced in highly transformed
cells showing an invasive and metastatic phenotype, which fail
to form stable cell-cell junctions and have lost apicobasal po-
larity (22). The observation that hyperphosphorylation of hDlg
is a signal for its ubiquitin-mediated degradation makes it a
candidate target for an SCF ubiquitin ligase (33). Interestingly,
analysis of hDlg sequence revealed a six-residue motif con-
served among human, rat, and mouse proteins. This motif,
DSGLPS, is homologous to a sequence found in several targets
of the SCF�-TrCP ligase complex including �-catenin, I�B, Vpu,
and ATF4. In all of these cases the F-box protein �-TrCP, which
is the substrate-interacting subunit of the ligase, has been
demonstrated to bind selectively to its consensus site when this
is phosphorylated on serine residues (1, 30, 41, 42), thus induc-
ing the ubiquitin-mediated degradation of the phosphorylated
target protein.

We decided to investigate whether Dlg was a substrate for
�-TrCP. We demonstrated that, although purified Dlg protein
is unable to interact with �-TrCP in vitro, it acquires this
ability upon incubation with epithelial cell extract. We then
proved that the interaction with �-TrCP requires the phospho-
rylation of Dlg. Moreover, mutation of the two serines at posi-
tions 597 and 601 within the DSGLPS sequence in the SH3
domain of Dlg reduced the binding to �-TrCP to background
levels, demonstrating that the DSGLPS sequence is indeed the
�-TrCP recognition site. Complex formation between Dlg and
�-TrCP proteins in vivo was then confirmed by their coexpres-
sion in epithelial cells, and the SH3 domain of Dlg, which
contains the binding site, was again found to be required for
complex formation. Interaction between the endogenous hDlg
and �-TrCP proteins was also detected in untransfected HaCaT
keratinocytes, where both proteins are present at physiological
levels in their normal cellular location. Moreover, we also dem-
onstrated that the Dlg protein that interacts with �-TrCP is
hyperphosphorylated, further supporting the results from the
in vitro interaction studies. These results are consistent with
the hypothesis that, similarly to what described for �-catenin,
�-TrCP binds to its phosphorylated recognition site on hDlg,
thereby linking it to the core subunit of the SCF ubiquitin
ligase complex, and indeed it is clear from our experiments that
complex formation with �-TrCP leads to ubiquitination of hDlg
protein in vivo. Upon expression of �-TrCP, the amount of
ubiquitin-conjugated intermediates of wild-type Dlg protein
was increased consistently. This was, however, not observed for
the mutant FL-M2 Dlg protein, which does not interact with
�-TrCP because of disruption of the DSGLPS binding motif.
Interestingly, expression of a mutant �-TrCP protein deleted
for its F-box domain, �F�-TrCP, inhibited the ubiquitination of

Dlg. It has been reported that the F-box domain is necessary for
anchoring �-TrCP to Skp1, the core component of the ligase
complex (30). �F�-TrCP protein is therefore unable to bind to
Skp1; however, it can still interact with its substrates through
the C-terminal WD repeats (30), and thereby �F�-TrCP acts as
a dominant negative mutant by sequestering the substrates of
wild-type �-TrCP and preventing their ubiquitination and pro-
teasome degradation (2, 4, 30, 41). Therefore, because �F�-
TrCP is also able to inhibit the ubiquitination of Dlg in vivo,
this further supports a role for endogenous �-TrCP in this
process. This was directly confirmed by the demonstration that
inhibition of endogenous �-TrCP expression by RNA interfer-
ence resulted in significant increase of hDlg protein levels in
epithelial cells, similar to what was observed upon proteasome
inhibition. On the other hand, overexpression of �-TrCP caused
a dose-dependent reduction in the steady-state levels of Dlg,
which could be rescued by treating the cells with a proteasome
inhibitor. Accordingly, we also observed an increased turnover
rate of wild-type FL-Dlg protein in vivo upon overexpression of
�-TrCP, whereas expression of the dominant negative �F�-
TrCP resulted in Dlg stabilization. Notably, the FL-M2 Dlg
mutant protein appeared to be significantly more stable com-
pared with wild-type Dlg, and moreover its turnover rate was
not affected by the expression of �-TrCP, consistent with the
fact that �-TrCP fails to ubiquitinate this mutant.

It has to be noted, however, that in our assays the FL-M2 Dlg
mutant protein also appears to be ubiquitinated, although to a
much lower extent compared with wild-type Dlg (Fig. 4B), and
its steady-state levels also increase upon proteasome inhibition
(Fig. 4C). These observations are not surprising because we
have found previously that some Dlg deletion mutants that
cannot interact with �-TrCP, such as �SH3-Dlg, NT-Dlg, and
PDZ2-Dlg, are nonetheless degraded through the proteasome
pathway (27, 29). It is therefore likely that in addition to
�-TrCP, other ubiquitin ligase(s) also target Dlg, binding
within the N-terminal half of the protein. It has been reported
that other substrates of the SCF�-TrCP ligase, such as the nu-
clear factor-�B precursor p105 and �-catenin, are also targeted
by different ubiquitin ligases under specific conditions, and
these interact with mutant p105 and �-catenin proteins that
fail to bind �-TrCP (43–45). It could be speculated that specific
ligases are responsible for regulating the stability of separate
pools of hDlg protein, which play distinct functions within the
cell. Interestingly, in our immunofluorescence analysis we have
observed that �-TrCP can efficiently promote the degradation
of the hDlg protein localized at the membrane and in the
cytoplasm of U2OS cells, whereas the stability of the nuclear
pool of hDlg is not affected. Although it has been reported that
�-TrCP/E3RS protein is retained mainly in the nucleus, by
virtue of its interaction with a hnRNP-U pseudosubstrate that
stabilizes it, this interaction is however displaced by high af-
finity binding of �-TrCP to its targets (46), and indeed true
�-TrCP substrates such as I�B and �-catenin appear to be
ubiquitinated and degraded in the cytoplasm (47, 48). A nu-
clear substrate, the transcription factor ATF4, has also been
described for �-TrCP, although it is not clear whether ATF4 is
then ubiquitinated in the nucleus or in the cytoplasm by the
SCF�-TrCP ligase complex (41). Although both hDlg and �-TrCP
proteins are present within the nucleus, their interaction
might not take place in this particular location, possibly be-
cause phosphorylation of the binding site on hDlg occurs only
at membrane-proximal sites, as a consequence of extracellular
stimuli. Interestingly, normal squamous epithelial basal cells,
which are actively proliferating, show extremely low levels of
hDlg protein at their membrane sites compared with the dif-
ferentiated keratinocytes of the upper epithelial layers (23).
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Moreover, loss of hDlg at sites of intercellular contact is
thought to represent a crucial step in the progression of cervical
cancer, being associated with high grade neoplasias and inva-
sive carcinomas (23), and malignant progression of prostate
cancers also appears to correlate with increased degradation of
Dlg protein.2 It has been reported recently that �-TrCP is
overexpressed in primary colon cancers (49), and it would be
extremely interesting to evaluate whether hDlg degradation is
deregulated also in these malignancies.

Based on the above information it is tempting to propose the
following model. hDlg performs both structural and signaling
functions at the membrane-cytoplasm interface of epithelial
cells, controlling both cell polarity and proliferation, e.g. assist-
ing the growth inhibitory activity of APC (21). Once the cell is
induced to proliferate, however, these functions need to be
inhibited. One possible mechanism could involve phosphoryla-
tion of hDlg on the DSGLPS motif as a result of proliferative
stimuli, causing �-TrCP binding and subsequent degradation
of hDlg. Although �-TrCP protein levels are very low in normal
cells and tissues (49, 50) it has been shown recently that Wnt
signaling, which stimulates cell proliferation by inhibiting
�-TrCP-mediated degradation of �-catenin, also induces the
expression of �-TrCP (49). This would be expected to accelerate
the turnover of hDlg. Mitogenic stimuli have also been shown
to induce the expression of �-TrCP2/HOS (51), the closest hom-
olog of �-TrCP, which is mainly localized in the cytoplasm (46)
and which could also play a role in degrading hDlg, similarly to
what has been reported for I�B (52, 53). Indeed our data cannot
exclude, at present, the intriguing possibility that �-TrCP and
HOS play redundant roles in degradation of endogenous hDlg
because the �F�-TrCP dominant negative can be expected to
interfere with both proteins, which recognize the same motif on
their substrates. Moreover, comparison of the gene sequences
of �-TrCP and HOS would also predict that the siRNA-medi-
ated depletion of �-TrCP could also block the expression of HOS
because of the homology in this portion of their mRNAs. There-
fore, the increase of hDlg protein levels observed in these
experiments could be partly the result of interference with the
activity and the expression of HOS. However, we are presently
lacking any direct evidence that implicates HOS in the regu-
lation of hDlg, and additional experiments are required to
address this issue further. Clearly other pieces are still missing
from the puzzle, including the identification of the protein
kinase responsible for �-TrCP binding. hDlg has been reported
to interact with p56lck tyrosine kinase in human T lymphocytes
(54), and it has also been found to be phosphorylated at mitosis
in HeLa cells, possibly by a PDZ-binding kinase (55). An ap-
pealing candidate for phosphorylating hDlg on its �-TrCP bind-
ing site would be the GSK3� Ser/Thr kinase, whose consensus
site overlaps with the DSGLPS �-TrCP binding site within the
SH3 domain of hDlg and which phosphorylates a very similar
site on �-catenin, thus leading to �-TrCP binding (1, 6). Pre-
liminary results, however, indicate that ubiquitination of hDlg
is independent of the presence and activity of GSK3� and
moreover that phosphorylation of hDlg by GSK3� does not
increase its affinity for �-TrCP.3 Experiments are now in pro-
gress to evaluate the contribution of other kinases to this
process.

In conclusion, although the precise roles of hDlg in the cel-
lular pathways regulating cell growth and polarity are still far
from being elucidated, the number of reports describing new
cellular partners for this protein is rapidly growing. After hav-
ing determined that hDlg stability is dynamically regulated by
the SCF �-TrCP ubiquitin ligase complex, it is now imperative to

unravel the cellular pathways responsible for inducing its deg-
radation. Changes in hDlg expression and regulation are asso-
ciated with cell transformation and therefore this can be ex-
pected to remain a very interesting topic in the forthcoming
years.

Acknowledgments—We are grateful to Christian Kühne for advice
and helpful discussion, to Peter Sandy for comments on the manuscript,
and to Gianni Del Sal for valuable support.

REFERENCES

1. Hart, M., Concordet, J. P., Lassot, I., Albert, I., de los Santos, R., Durand, H.,
Perret, C., Rubinfeld, B., Margottin, F., Benarous, R., and Polakis, P. (1999)
Curr. Biol. 9, 207–210

2. Spencer, E., Jiang, J., and Chen, Z. (1999) Genes Dev. 13, 284–294
3. Yaron, A., Hatzubai, A., Davis, M., Lavon, I., Amit, S., Manning, A., Andersen,

J., Mann, M., Mercurio, F., and Ben-Neriah, Y. (1998) Nature 396, 590–594
4. Kitagawa, M., Hatakeyama, S., Shirane, M., Matsumoto, M., Ishida, N., Hat-

tori, K., Nakamichi, I., Kikuchi, A., and Nakayama, K. (1999) EMBO J. 18,
2401–2410

5. Gumbiner, B. M. (1995) Curr. Biol. 7, 634–640
6. Liu, C., Kato, Y., Zhang, Z., Do, V. M., Yankner, B. A., and He, X. (1999) Proc.

Natl. Acad. Sci. U. S. A. 96, 6273–6278
7. Bilder, D., Li, M., and Perrimon, N. (2000) Science 289, 113–116
8. Woods, D. F., Hough, C., Peel, D., Callaini, G., and Bryant, P. J. (1996) J. Cell

Biol. 134, 1469–1482
9. Caruana, G., and Bernstein, A. (2001) Mol. Cell. Biol. 21, 1475–1483

10. Reuver, S. M., and Garner, C. C. (1998) J. Cell Sci. 111, 1071–1080
11. Ide, N., Hata, Y., Nishioka, H., Hirao, K., Yao, I., Deguchi, M., Mizoguchi, A.,

Nishimori, H., Tokino, T., Nakamura, Y., and Takai, Y. (1999) Oncogene 18,
7810–7815

12. Lue, R. A., Brandin, E., Chan, E., and Branton, D. (1996) J. Cell Biol. 135,
1125–1137

13. Lue, R. A., Marfatia, S. M., Branton, D., and Chishti, A. H. (1994) Proc. Natl.
Acad. Sci. U. S. A. 91, 9818–9822

14. Marfatia, S. M., Morais Cabral, J. H., Lin, L., Hough, C., Bryant, P. J., Stolz,
L., and Chishti, A. H. (1996) J. Cell Biol. 135, 753–766

15. Lee, S., Fan, S., Makarova, O., Straight, S., and Margolis, B. (2002) Mol. Cell.
Biol. 22, 1778–1791

16. Nix, S., Chishti, A., Anderson, J., and Walther, Z. (2000) J. Biol. Chem. 275,
41192–41200

17. Cohen, A., Woods, D., Marfatia, S., Walther, Z., Chishti, A., Anderson, J., and
Wood, D. (1998) J. Cell Biol. 142, 129–138

18. Martinez-Estrada, O., Villa, A., Breviario, F., Orsenigo, F., Dejana, E., and
Bazzoni, G. (2001) J. Biol. Chem. 276, 9291–9296

19. McLaughlin, M., Hale, R., Ellston, D., Gaudet, S., Lue, R., and Viel, A. (2002)
J. Biol. Chem. 277, 6406–6412

20. Matsumine, A., Ogai, A., Senda, T., Okumura, N., Satoh, K., Baeg, G. H.,
Kawahara, T., Kobayashi, S., Okada, M., Toyoshima, K., and Akiyama, T.
(1996) Science 272, 1020–1023

21. Ishidate, T., Matsumine, A., Toyoshima K., and Akiyama, T. (2000) Oncogene
19, 365–372

22. Mantovani, F., Massimi, P., and Banks, L. (2001) J. Cell Sci. 114, 4285–4292
23. Watson, R. A., Rollason, T., Reynolds, G., Murray, P., Banks, L., and Roberts,

S. (2002) Carcinogenesis 23, 1791–1796
24. Kiyono, T., Hiraiwa, A., Fujita, M., Hayashi, Y., Akiyama, T., and Ishibashi, M.

(1997) Proc. Natl. Acad. Sci. U. S. A. 94, 11612–11616
25. Lee, S. S., Weiss, R., and Javier, R. (1997) Proc. Natl. Acad. Sci. U. S. A. 94,

6670–6675
26. Suzuki, T., Ohsugi, Y., Uchida-Toita, M., Akiyama, T., and Yoshida, M. (1999)

Oncogene 18, 5967–5972
27. Gardiol, D., Kühne, C., Glaunsinger, B., Lee, S. S., Javier, R., and Banks, L.

(1999) Oncogene 18, 5487–5496
28. Kühne, C., Gardiol, D., Guarnaccia, C., Amenitsch, H., and Banks, L. (2000)

Oncogene 19, 5884–5891
29. Gardiol, D., Galizzi, S., and Banks, L. (2002) J. Gen. Virol. 83, 283–289
30. Margottin, F., Bour, S., Durand, H., Selig, L., Benichou, S., Richard, V.,

Thomas, D., Strebel, K., and Benarous, R. (1998) Mol. Cell 1, 565–574
31. Evan, G. I., Lewis, G. K., Ramsay, G., and Bishop, J. M. (1985) Cell Biol. 5,

3610–3616
32. Fong, A., and Sun, S. C. (2002) J. Biol. Chem. 277, 22111–22114
33. Laney, J. D., and Hochstrasser, M. (1999) Cell 97, 427–430
34. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber, K., and Tuschl,

T. (2001) Nature 411, 494–498
35. Lang, V., Janzen, J., Fischer, G. Z., Soneji, Y., Beinke, S., Salmeron, A., Allen,

H., Hay, R. T., Ben-Neriah, Y., and Ley, S. C. (2003) Mol. Cell. Biol. 23,
402–413

36. Morin, P. J. (1999) BioEssays 21, 1021–1030
37. Kinzler, K. W., and Vogelstein, B. (1996) Cell 87, 159–170
38. Bilder, D., and Perrimon, N. (2000) Nature 403, 676–680
39. Nakagawa, S., and Huibregtse, J. M. (2000) Mol. Cell. Biol. 20, 8244–8253
40. Salic, A., Lee, E., Mayer, L., and Kirschner, M. (2000) Mol. Cell 5, 523–532
41. Lassot, I., Segeral, E., Berlioz-Torrent, C., Durand, H., Groussin, L., Hai, T.,

Benarous, R., and Margottin-Gouet, F. (2001) Mol. Cell. Biol. 21, 2192–2202
42. Winston, J., Strack, P., Beer-Romero, P., Chu, C., Elledge, S., and Harper, J.

(1999) Genes Dev. 13, 270–283
43. Liu, J., Stevens, J., Rote, C., Yost, H., Hu, Y., Neufeld, K., White, R., and

Matsunami, N. (2001) Mol. Cell 7, 927–936
44. Matsuzawa, S., and Reed, J. (2001) Mol. Cell 7, 915–9263 F. Mantovani, personal observations.

�-TrCP Promotes Ubiquitination of hDlg 42485

 by guest on July 21, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


45. Orian, A., Gonen, H., Bercovich, B., Fajerman, I., Eytan, E., Israel, A., Mer-
curio, F., Iwai, K., Schwartz, A., and Ciechanover, A. (2000) EMBO J. 19,
2580–2591

46. Davis, M., Hatzubai, A., Andersen, J. S., Ben-Shushan, E., Fisher, G. Z.,
Yaron, A., Bauskin, A., Mercurio, F., Mann, M., and Ben-Neriah, Y. (2002)
Genes Dev. 16, 439–451

47. Karin, M. (1999) J. Biol. Chem. 274, 27339–27342
48. Peifer, M., and Polakis, P. (2000) Science 287, 1606–1609
49. Spiegelman, V. S., Slaga, J. T., Pagano M., Minamoto, T., Ronai, Z., and Fuchs,

S. Y. (2000) Mol. Cell 5, 877–882
50. Spiegelman, V. S., Stavropoulos, P., Latres, E., Pagano, M., Ronai, Z., Slaga,

T. J., and Fuchs, S. Y. (2001) J. Biol. Chem. 276, 27152–27158

51. Spiegelman, V. S., Tang, W., Chan, A. M., Igarashi, M., Aaronson, S. A.,
Sassoon, D. A., Katoh, M., Slaga, T. J., and Fuchs, S. Y. (2002) J. Biol.
Chem. 277, 36624–36630

52. Suzuki, H., Chiba, T., Kobayashi, M., Takeuchi, M., Suzuki, T., Ichiyama, A.,
Ikenoue, T., Omata, M., Furuichi, K., and Tanaka, K. (1999) Biochem.
Biophys. Res. Commun. 256, 127–132

53. Suzuki, H., Chiba, T., Suzuki, T., Fujita, T., Ikenoue, T., Omata, M., Furuichi,
K., Shikama, H., and Tanaka, K. (2000) J. Biol. Chem. 275, 2877–2884

54. Hanada, T., Lin, L., Chandy, K. G., Oh, S. S., and Chishti, A. H. (1997) J. Biol.
Chem. 272, 26899–26904

55. Gaudet, S., Branton, D., and Lue, R. A. (2000) Proc. Natl. Acad. Sci. U. S. A.
97, 5167–5172

�-TrCP Promotes Ubiquitination of hDlg42486

 by guest on July 21, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Fiamma Mantovani and Lawrence Banks
-TrCP Ubiquitin Ligase ReceptorβInteraction with the 

Regulation of the Discs Large Tumor Suppressor by a Phosphorylation-dependent

doi: 10.1074/jbc.M302799200 originally published online August 5, 2003
2003, 278:42477-42486.J. Biol. Chem. 

  
 10.1074/jbc.M302799200Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/278/43/42477.full.html#ref-list-1

This article cites 55 references, 33 of which can be accessed free at

 by guest on July 21, 2018
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M302799200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;278/43/42477&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/43/42477
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=278/43/42477&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/43/42477
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/278/43/42477.full.html#ref-list-1
http://www.jbc.org/

