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Protein Kinase C␣ Promotes Cell Migration through a
PDZ-Dependent Interaction with its Novel Substrate Discs
Large Homolog 1 (DLG1)*□
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Protein scaffolds maintain precision in kinase signaling by
coordinating kinases with components of specific signaling
pathways. Such spatial segregation is particularly important in
allowing specificity of signaling mediated by the 10-member
family of protein kinase C (PKC) isozymes. Here we identified a
novel interaction between PKC␣ and the Discs large homolog
(DLG) family of scaffolds that is mediated by a class I C-terminal
PDZ (PSD-95, disheveled, and ZO1) ligand unique to this PKC
isozyme. Specifically, use of a proteomic array containing 96
purified PDZ domains identified the third PDZ domains of
DLG1/SAP97 and DLG4/PSD95 as interaction partners for the
PDZ binding motif of PKC␣. Co-immunoprecipitation experiments verified that PKC␣ and DLG1 interact in cells by a mechanism dependent on an intact PDZ ligand. Functional assays
revealed that the interaction of PKC␣ with DLG1 promotes
wound healing; scratch assays using cells depleted of PKC␣
and/or DLG1 have impaired cellular migration that is no longer
sensitive to PKC inhibition, and the ability of exogenous PKC␣
to rescue cellular migration is dependent on the presence of its
PDZ ligand. Furthermore, we identified Thr-656 as a novel
phosphorylation site in the SH3-Hook region of DLG1 that acts
as a marker for PKC␣ activity at this scaffold. Increased phosphorylation of Thr-656 is correlated with increased invasiveness
in non-small cell lung cancer lines from the NCI-60, consistent
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with this phosphorylation site serving as a marker of PKC␣mediated invasion. Taken together, these data establish the
requirement of scaffolding to DLG1 for PKC␣ to promote cellular migration.

Targeting of signaling proteins to specific intracellular locations via scaffolding proteins allows signals to be efficiently and
selectively integrated, propagated, and regulated (1). Scaffolds
serve a particularly important function in the organization of
signaling by protein kinases because kinase substrate selectivity
is determined by not only consensus motifs but also availability
of substrates near the active site (2).
The PKC branch of the AGC kinase family tree has 10 family
members that are regulated not only by phosphorylation and
binding to lipid second messengers but also by interaction with
binding partners. PKC isozymes are grouped into the following
three classes based upon their cofactor dependence: the conventional PKC (cPKC)5 isozymes ␣, the alternatively spliced ␤I
and ␤II, and ␥, which depend on diacylglycerol and Ca2⫹ for
their activity; the novel PKCs ␦, ⑀, , and , which depend on
diacylglycerol; the atypical PKCs  and /, which rely mainly on
protein-protein interactions for activation (3). Although the
stimuli governing PKC activation have been extensively characterized, assigning specific biological roles to PKC isozymes
has proved more difficult, partially because of the divergent
roles of the different family members in various cellular processes (4). However, ever since the discovery that PKCs act as
receptors for tumor-promoting phorbol esters (5), these
enzymes have been hypothesized to positively regulate tumor
5

The abbreviations used are: cPKC, conventional PKC; NSCLC, non-small cell
lung cancer; PSD-95, postsynaptic density protein 95; PDZ, PSD-95, disheveled, and ZO1; GUK, guanylate kinase; MAGUK, membrane-associated
GUK; SAP-97, synapse-associated protein 97; DLG1, discs large homolog 1;
MEF, mouse embryonic fibroblast; PMA, phorbol 12-myristate-13-acetate;
SH3, Src homology 3; ADAM-10, a disintegrin and metalloprotease 10; NT,
non-targeting; CFP, cyan fluorescent protein; eGFP, enhanced GFP.
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Background: PKC␣ contains a unique PDZ ligand motif and is known to promote cellular migration.
Results: PKC␣ binds and phosphorylates the scaffold DLG1; both proteins are necessary for cellular migration in non-small cell
lung cancer cells.
Conclusion: DLG1 coordinates PKC␣ signaling to promote cellular migration.
Significance: Control of PKC␣ signaling mediated by scaffolds is crucial to promoting its downstream functions.
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PSD-95 or SAP-97 (synapse-associated protein 97; also known
as DLG1 or Discs large homolog 1) (23, 24). Although the direct
binding of the PDZ ligand of PKC␣ to these MAGUK proteins
was not explored and no functional studies were performed to
address the physiological importance of PKC␣/MAGUK associations, these data suggest the possibility that PDZ interactions may coordinate the signaling of PKC␣.
In this study we used a PDZ domain array to identify the third
PDZ domains of DLG1/SAP-97 and DLG4/PSD95 as binding
partners for the PDZ ligand of PKC␣. Biochemical studies validated the interaction in cells, established that PKC␣ phosphorylates DLG1 on a novel site, Thr-656, and showed that both the
PDZ ligand of PKC␣ and DLG1 are required for PKC␣ to promote cellular migration. Our data are consistent with a model
in which DLG1 acts as a scaffold for PKC␣ to control PKC-dependent regulation of cellular migration.

EXPERIMENTAL PROCEDURES
Materials and Antibodies—Mitomycin C, Gö6983, Gö6976,
phorbol myristate acetate (PMA), and calyculin A were purchased from Calbiochem. A control siRNA SmartPool and a
siRNA SmartPool targeting human DLG1 were purchased from
Dharmacon; the latter included the following sequences: #1,
CCAAAAUGUAUAGAUCGUU; #2, CGAUGAGGUCGGAGUGAUU; #3, CCAGGAACAUAAAUUCAUU; #4, CCCACAAGUAUGUAUAUGA. A second siRNA (referred to as
“DLG1 siRNA #2”) used to validate the effect of DLG1 depletion
on wound healing was purchased from Sigma along with a universal negative control siRNA and had the targeting sequence
CAGAGAAGAACUUAUCAGA. Two shRNAs against human
PKC␣ and a non-targeting control lentivirus were obtained
from Sigma. Sequences of the shRNAs were as follows (with
target sequences underlined): PKC␣ #1, CCGGCAUGGAACUCAGGCAGAAAUUCUCGAGAAUUUCUGCC; PKC␣ #2,
CCGGCGAGCTATTTCAGTCTATCATCTCGAGATGATAGACTGAAATAGCTCGTTTTT; non-targeting control,
CCGGCAACAAGAUGAAGAGCACCAACUCGAG. PKC␣
shRNA #1 was used in all experiments except where otherwise
noted. Primers used for PCR-based cloning were from IDT. All
restriction enzymes were from New England Biolabs. Antibodies and dilutions used were: mouse anti-Myc (1:1000, 9E10;
Covance), rat anti-HA (1:2000; Roche Diagnostics), rabbit antiGST (1:1000; Sigma), mouse anti-SAP97/DLG1 (1:500 for
Western blot, 1:200 for immunofluorescence (IF) staining;
Stressgen), rabbit anti-PKC␣ (1:1000 for Western blot, 1:200
for IF staining; Santa Cruz), mouse anti-␤-actin (1:1000;
Sigma), and mouse anti-hsp70 (heat shock protein 70, 1:1000;
BD Biosciences). Secondary antibodies used for immunofluorescence were goat anti-mouse-Alexa 568, goat anti-rabbit-Alexa 488, goat anti-mouse-Alexa 488, and goat anti-rabbit-Alexa
568, all from Invitrogen. The Thr(P)-656 antibody was raised by
immunizing rabbits with an Ac-CKERARLK-T(PO3H2)VKFN-NH2 peptide that was conjugated to keyhole limpet
hemocyanin and was affinity-purified using the phosphopeptide antigen (NeoMPS). This antibody was used at 1:5000 for
Western blot. All other materials were reagent grade.
Construction of Plasmids—A cDNA fragment encoding the
last 25 amino acids of bovine PKC␣ was ligated into pGEX-6-P3
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progression and metastasis. Indeed, there is an increasing body
of evidence implicating PKC␣, in particular, in cancer cell survival and migration (6 –10). In this regard, an antisense molecule targeting PKC␣ has been shown to have preclinical efficacy
in various cancer models, including advanced non-small cell
lung cancer (11, 12). Note, however, that the effects of PKC␣
signaling are complex because several types of cancer cells,
including those generated in mouse models of colon cancer,
show dramatically reduced levels of PKC␣ (13). Cell type-dependent differences in PKC␣ signaling are likely accounted for
by differential interactions with key regulatory proteins, notably scaffold proteins.
PKC protein scaffolds have long been known to play essential
roles in PKC function. Mochly-Rosen et al. (14) first described
the role of protein scaffolds in directing the cellular function of
PKC with the identification of proteins they named receptors
for activated C kinase (RACKs). Since then numerous PKCbinding proteins have been identified and shown to regulate
PKC in many ways, including 1) relieving PKC autoinhibition,
2) mediating PKC association with the actin cytoskeleton, 3)
controlling the availability of upstream regulators of PKC, and
4) mediating PKC interaction with receptors, small GTPases,
and other signaling proteins (10, 15, 16). These interactions
play important roles in regulating PKC function, notably the
transmission of signals from sites of cell-cell or cell-matrix contact to the cytoskeleton, with resulting effects on cell spreading
and migration (2, 16). The key role of scaffolding in PKC signaling is epitomized by an elegant study by Zuker and co-workers
showing that the PDZ (PSD-95, disheveled, and ZO1) domaincontaining protein encoded by the inaD gene, which scaffolds
PKC, is required for light-induced PKC signaling in the fly eye
(17). The binding of Drosophila eye PKC to this scaffold is
mediated by binding of a C-terminal PDZ ligand, which has the
amino acid sequence ITII (17, 18). PDZ ligand interactions
are powerful coordinators of cell signaling (19), yet their roles
in signaling by mammalian PKC isozymes are relatively
unexplored.
Of the eight diacylglycerol-regulated PKC isozymes, only
PKC␣ contains a C-terminal PDZ ligand motif. The last four
amino acids of this isozyme (QSAV) encode a class I PDZ
ligand. PDZ ligands bind PDZ domains, which are relatively
small globular domains (⬃90 amino acid) that are abundant in
the mammalian proteome; their canonical role is to bind short
C-terminal peptide motifs (20). The only identified partner for
the PDZ ligand of mammalian PKC␣ is the PDZ scaffold PICK1
(protein that interacts with C kinase 1) (21). The PKC␣ PDZ
ligand has been shown to be necessary and sufficient for long
term depression in cerebellar cultures (22). In vitro, peptides
containing this motif bind numerous murine PDZ domains,
including the third PDZ domain of all four members of the
membrane-associated guanylate kinase (MAGUK) protein
scaffold family. In rat brain extracts, PKC␣ has been shown to
co-immunoprecipitate with the MAGUK SAP-102 (synapseassociated protein 102; also known as Discs large homolog 3)
and PSD-95, with these interactions hypothesized to be mediated by the first and second PDZ domains of the MAGUKs (23).
In addition, PKC has been shown to exist in a complex with
protein kinase A, protein kinase A-anchoring protein 150, and
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phate, 0.1 mM sodium vanadate, 200 mM benzamidine, 40
mg/ml leupeptin, and 1 mM PMSF. MEF and NSCLC lysate
protein concentrations were quantified using a BCA protein
assay kit (Thermo Scientific) and normalized. Levels of total
and phosphorylated proteins were analyzed by SDS-PAGE and
Western blotting.
Immunoprecipitation—HA-PKC␣ or HA-PKC␣⌬PDZ and
Myc-DLG1 were transfected into HEK293T cells using Effectene (Qiagen) according to the manufacturer’s instructions.
Approximately 24 h later cells were lysed in immunoprecipitation buffer (50 mM Tris (pH 7.5), 10 mM sodium pyrophosphate,
50 mM NaF, 5 mM EDTA, 1% Triton, 1 mM DTT, 200 mM benzamidine, 40 mg/ml leupeptin, and 1 mM PMSF); the lysates
were then cleared by centrifugation at 16,000 ⫻ g for 5 min at
22 °C and incubated with a anti-HA antibody (Covance; monoclonal; 1:450) overnight at 4 °C with rocking. In the morning,
Ultra-Link Protein A/G beads (Thermo Scientific) were added
to the immune complexes and incubated for 1 h at 4 °C with
rocking. Beads were then washed with immunoprecipitation
buffer followed by immunoprecipitation buffer containing 50
mM NaCl and analyzed by SDS-PAGE and Western blotting.
Primary Astrocyte Isolation—After isolation as described in
Citro et al. (27), adherent astrocytes were washed twice with
PBS, trypsinized, and plated at ⬃3 ⫻ 105 cells per ml on lysinecoated six-well dishes. All astrocyte preparations that were subjected to wound-healing analysis had at least an 80% glial fibrillary acidic protein-positive cells by immunofluorescence, and
experiments were performed on cells derived from three different preparations.
Wound-healing Assay—Primary murine astrocytes, SNB-19
glioblastoma cells, and H1703 NSCLC cells were plated on
lysine-coated six-well dishes at consistent cell densities.
Approximately 48 h after plating, confluent monolayers were
treated with mitomycin C (10 g/ml, stock solution dissolved in
PBS) in serum-free DMEM or RPMI for 1 h to inhibit cell proliferation and then washed twice with PBS. Fresh DMEM or
RPMI containing 10% FBS and either DMSO or Gö6976 (500
nM) was added to the cells. After 20 min of pretreatment, monolayers were scratched once with a 10-l pipette tip, and pictures
of the central region of the scratch were taken immediately and
at various time points after scratching with a 5⫻ objective lens.
During the assay cells were maintained at 37 °C, 5% CO2. The
wound area at the various time points was quantified using
ImageJ (National Institutes of Health).
Immunofluorescence—Primary murine astrocytes were prepared and scratched as described above, except that they were
plated on lysine-coated glass cover slips. Four hours after being
scratched, cells were washed twice in cold PBS, fixed with 3%
paraformaldehyde and 2% sucrose in PBS (pH 8.0) for 20 min,
quenched in 50 mM NH4Cl in 10 mM PIPES (pH 6.8), 150 mM
NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM MgCl2 for 15 min,
and blocked in blocking buffer (10% goat serum in PBS, 0.1%
Triton) for 1 h before overnight incubation at 4 °C with primary
antibodies diluted in blocking buffer. After washing, the indicated secondary antibodies were added at a dilution of 1:600 in
PBS, 0.1% Tween for 1 h at 4 °C. Washed slides were mounted
using Vectashield and photographed on a Zeiss Axiovert
microscope (Carl Zeiss Microimaging, Inc.) using a MicroMax
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(Amersham Biosciences) to generate a GST fusion peptide
(GST-PDZ␣). Sequences for bovine PKC␣ and PKC␣ lacking
the last three amino acids (PKC␣⌬PDZ) were cloned into
pcDNA3-HA by PCR, generating HA-PKC␣ and HAPKC␣⌬PDZ. CFP-tagged DLG1/SAP97 (i3) was a generous
gift from M. Dell’Acqua, and Myc-DLG1 was a generous gift
from C. Garner. All mutagenesis was performed using a
QuikChange kit (Stratagene) according to the manufacturer’s instructions.
Purification of GST-tagged Proteins—The GST-PDZ␣ construct was transformed into BL21 (DE3) cells, which were
grown at 37 °C until their A600 reached 0.6 and then induced
with 1 mM isopropyl 1-thio-␤-D-galactopyranoside for 4 h at
25 °C. Cells were pelleted and homogenized in a buffer containing 50 mM Tris (pH 7.5), 1 mM EDTA, 1 mM DTT, 300 nM
PMSF, 500 nM benzamidine, 500 ng/ml leupeptin, and 1 mg/ml
lysozyme. The lysates were rocked for 30 min at 4 °C and briefly
sonicated before treatment with DNase (100 g/ml) and centrifugation at 14,000 ⫻ g for 30 min at 4 °C. The fusion peptide
was purified from the filtered supernatant using the Profinia
Protein Purification System (Bio-Rad) according to the manufacturer’s specifications. The eluted pure protein was dialyzed
against 20 mM HEPES (pH 7.5)/50 mM NaCl.
Peptide Overlay Array—An array of 96 PDZ domains was
spotted onto membranes as described previously (25). Purified
GST-PDZ␣ (0.5 mg/ml) was overlaid onto the array and
detected using a far Western blot approach, as previously
described (26).
Dot Blot Validation of Thr(P)-656 Antibody—To analyze the
specificity of the Thr(P)-656 antibody, phosphorylated (AcCKERARLK-T(PO3H2)-VKFN-NH2) and unphosphorylated
(Ac-CKERARLK-TVKFN-NH2) peptides were synthesized by
NeoMPS and spotted onto nitrocellulose membranes. Dot blots
were incubated with various concentrations of the Thr(P)-656
antibody and analyzed by Western blot.
Cell Culture, PMA Stimulation Experiments, and Western
Blotting—Unless otherwise noted, cells were maintained in
DMEM (Cellgro) supplemented with 10% fetal bovine serum
(FBS, Hyclone) and 1% penicillin/streptomycin (P/S), except
for SNB-19, NCI-H322M, NCI-H23, A549, and HOP62 cells,
which were cultured in RPMI 1640 (Cellgro) with 10% FBS and
1% P/S. Immortalized PKC␣⫹/⫹ and PKC␣⫺/⫺ mouse
embryonic fibroblasts (MEFs) were generous gifts from M.
Leitges, primary astrocytes were isolated as described below,
H1703 and SNB-19 cells were purchased from ATCC, and NCIH322M, NCI-H23, A549, and HOP62 cells were gifts from the
NCI. Cells were incubated at 37 °C, 5% CO2. For PMA stimulation experiments, cells were treated for the indicated times at
37 °C with PMA (200 nM), Gö6976 (500 nM), Gö6983 (250 nM),
and/or calyculin A (100 nM). Unless otherwise noted, all stock
solutions used were in DMSO, and a corresponding amount of
DMSO was used as a control. The final concentration of DMSO
in the culture media did not exceed 0.4% (v/v). For immunoblotting, primary astrocytes and H1703 cells were lysed in 1⫻
Laemmli sample buffer, and the NCI-60 NSCLC lines and
PKC␣⫹/⫹ and PKC␣⫺/⫺ MEFs were lysed in buffer consisting of 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton, 0.5%
sodium deoxycholate, 0.1% SDS, 30 mM sodium pyrophos-
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with significance set at p ⬍ 0.05. For multiple comparisons, a
post-hoc Tukey was applied after the ANOVA.

RESULTS
The PDZ Ligand of PKC␣ Mediates Binding to DLG1—To
identify potential binding partners for the PDZ ligand of PKC␣,
we generated a GST fusion of the last 25 amino acids of bovine
PKC␣ and overlaid it onto a PDZ domain array containing 96
PDZ domains (mostly Type I PDZ domains) from various proteins (Fig. 1B). Far Western blotting for GST revealed that the
C-terminal peptide of PKC␣ bound strongly to the third (but
not first and second) PDZ domain of PSD-95 (also known as
DLG4) (Fig. 1A, and B8). In addition, we identified weaker, but
readily detectable binding to the third (but not first and second)
PDZ domain of DLG1 (SAP97) (Fig. 1A, C3), ␤2-syntrophin
(E8), PAPIN 1 (E11), and PTPN13 (F9). In contrast to PKC␣,
the last 25 amino acids of PKC, the only other PKC isozyme
that contains a PDZ ligand motif, failed to bind to any of the
PDZ domains on the array.6 Because the PKC PDZ ligand
(EESV) is predicted to bind only Type III PDZ domains (20),
this finding was not unexpected and points to a specific PDZbased interaction of PKC␣ with DLG scaffolds. The binding of
the PKC␣ PDZ ligand to the third PDZ domain of two DLG
scaffolds prompted us to focus on this interaction. To validate
the PKC␣/DLG1 interaction, we overexpressed HA-tagged
bovine PKC␣ and Myc-tagged rat DLG1 in HEK293T cells and
asked if DLG1 was present in immunoprecipitates of PKC␣.
Fig. 1C shows that Myc-DLG1 was present in HA-PKC␣ immunoprecipitates (lane 2) but not control immunoprecipitates
(lane 1). This interaction depended on the PDZ ligand of PKC␣;
DLG1 did not co-immunoprecipitate with a construct of PKC␣
lacking the last three amino acids (PKC␣⌬PDZ; lane 3). Similar
results were obtained for the interaction between PKC␣ and
PSD95 (data not shown). These results reveal that the PDZ
ligand of PKC␣ mediates the binding of PKC␣ to the third PDZ
domain of DLG1/SAP97 and DLG4/PSD95.
PKC␣ and DLG1 Colocalize at the Leading Edge of Migrating
Cells—Given the scaffolding interaction between PKC␣ and
DLG1, we asked whether these two proteins colocalize in cells.
Specifically, we examined the distribution of the two proteins in
primary murine astrocytes in a wound-healing assay (as
described in Valster et al. (28)). Detection of endogenous PKC␣
or DLG1 by immunofluorescence revealed that the two proteins codistributed at the leading edge in ⬃30% of migrating
primary astrocytes 4 h after scratch (Fig. 2A, middle row) but
not at the membranes of unscratched cells (Fig. 2A, top row).
This scratch-induced codistribution depended on PKC activity
because pretreatment with the cPKC inhibitor Gö6976
decreased codistribution (Fig. 2A, bottom row). Blinded scoring
of DLG1 and PKC␣ colocalization in ⬎30 cells over three different astrocyte preparations (n ⫽ 5 experiments) revealed that
treatment with Gö6976 resulted in a ⬃60% decrease in colocalization of the two proteins (Fig. 2B). These data indicate that
PKC␣ and DLG1 codistribute at the leading edge of migrating
cells and that this colocalization depends on cPKC activity.

6

M. T. Kunkel and R. A. Hall, unpublished data.
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digital camera (Roper-Princeton Instruments) controlled by
MetaFluor software (Universal Imaging, Corp.). Optical filters
were obtained from Chroma Technologies. PKC␣/DLG1 colocalization was assessed in a blinded fashion for at least 30 cells
per condition per experiment (n ⫽ 5 experiments using 3 different astrocyte preparations).
Lentiviral shRNA Production and Infection—A shRNA targeting human PKC␣ was packaged into recombinant lentiviruses using the Invitrogen ViraPower™ Lentiviral Expression
System according to the manufacturer’s protocol. A non-targeting lentiviral RNAi (NT-RNAi) that recognizes no human
genes was used as a negative control. For lentiviral shRNA
infection, H1703 cells were seeded in 100-mm plates and grown
to 70 – 80% confluency. The culture medium was removed from
the cells, and 3 ml of complete culture media containing Polybrene (6 mg/ml) was added. After 5 min at 22 °C, 400 ml (multiplicity of infection ⬃3) of viral supernatant was added. After a
24-h incubation at 37 °C, cells were washed and grown for 24 h
in 10 ml of fresh culture medium. Populations of stably infected
cells were selected in 5 mg/ml puromycin.
Re-expression of PKC␣ in Stable PKC␣ Knockdown Cells—
HA-tagged bovine PKC␣ constructs, which are resistant to
knockdown by our shRNA construct targeted against human
PKC␣, were transfected into NT shRNA- or PKC␣ shRNAexpressing H1703 cells as follows. Cells were plated into 24-well
plates and, 3 h after plating, transfected with enhanced GFP
alone or with HA-PKC␣ (wild type; 0.25 g/well) or
HA-PKC␣⌬PDZ (0.2 g/well) using Jetprime transfection reagent (Polyplus) according to the manufacturer’s instructions.
Fresh culture media was added 4 h after transfection, and cells
were incubated overnight before being replated onto lysinecoated 6-well plates at consistent cell densities. Wound-healing
assays were performed ⬃12 h after re-plating. At least 70% of
cells were transfected (as marked by GFP fluorescence at the
time of scratch), and cells were lysed in 1⫻ Laemmli buffer
immediately after completion of the scratch assay for validation
of PKC␣ expression.
Transient siRNA Transfection—H1703 cells were transiently
transfected with control or DLG1 siRNA (50 nM) and subjected
to wound-healing analysis as described previously (28) with
minor modifications. Briefly, cells were transfected using Lipofectamine 2000 (Invitrogen) in DMEM without FBS and penicillin/streptomycin 3 h after plating and incubated overnight
before the addition of fresh media with 10% FBS and penicillin/
streptomycin. At 48 h after transfection cells were replated onto
lysine-coated 6-well dishes at consistent cell densities. Woundhealing assays were performed starting at ⬃72 h after transfection, and cells were lysed in 1⫻ Laemmli sample buffer immediately upon completion of the assay for verification of DLG1
knockdown by Western blot.
Identification and Alignment of PKC␣ Phosphorylation Site—
A consensus PKC␣/␤/␥ phosphorylation site in DLG1 was
identified using Scansite, and a comparison of amino acid
motifs in the human DLG family and in DLG1 isoforms from
various species was performed using MegAlign.
Statistical Analyses—Differences among groups were analyzed using Student’s t test or analysis of variance (ANOVA),
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PKC␣ Positively Regulates Wound Healing—Given the codistribution of PKC␣ and DLG1 at the leading edge of migrating
cells, we next asked whether the activity of PKC enhances
wound healing. Using the same wound-healing paradigm
described above, we examined the effect of inhibition of cPKC
activity by pretreatment with Gö6976 on the rate of migration
of primary astrocytes (Fig. 2C), SNB-19 glioblastoma cells (Fig.
2D), or H1703 NSCLC cells (Fig. 2E). In all three cell types,
Gö6976 (Fig. 2E, squares) reduced the rate of cellular migration
by ⬃25– 40% compared with vehicle treatment (circles). To
determine whether the Gö6976 sensitivity reflected exclusively
inhibition of PKC␣, H1703 cells were stably transfected with a
NT shRNA (Fig. 2E, open symbols) or an shRNA targeting
PKC␣ (filled symbols), and the sensitivity of cellular migration
to Gö6976 was tested in wound-healing assays. Importantly,
PKC␣ knockdown and Gö6976 treatment did not have an additive effect on the inhibition of cellular migration (Fig. 2E, filled
squares). Furthermore, the rate of migration of control cells
treated with the PKC inhibitor (open squares) was the same as
that of cells depleted of PKC␣ (filled circles). Western blot analysis of lysates revealed that PKC␣ was knocked down by 70 ⫾
10% (Fig. 2F). To further validate the specific role of PKC␣ in
wound healing, we depleted H1703 cells of PKC␣ using a second shRNA, resulting in 60 ⫾ 10% inhibition of PKC␣ expression and a 70% decrease in wound healing (supplemental Fig. 1).
DECEMBER 16, 2011 • VOLUME 286 • NUMBER 50

The inability of Gö6976 to further inhibit migration in PKC␣depleted cells reveals that PKC␣ is the major cPKC promoting
cell migration.
The PDZ Ligand of PKC␣ Is Necessary for Its Ability to Promote Wound Healing—We next attempted to rescue the effects
of PKC␣ knockdown on wound healing by expressing an
shRNA-resistant bovine form of PKC␣ in PKC␣-depleted
H1703 cells (Fig. 3). Re-expression of wild type PKC␣ at a level
close to that of control cells (Fig. 3, compare lanes 1 and 3)
resulted in a complete rescue of wound healing (Fig. 3, filled
squares), whereas expression of a PKC␣ mutant lacking the last
three amino acids (PKC␣⌬PDZ) only slightly increased the rate
of wound healing (Fig. 3, filled diamonds). These data support
the conclusion that the PKC␣ PDZ ligand, which mediates its
interaction with DLG1, is required for a large portion of the
positive effects of PKC␣ on cellular migration.
DLG1 Depletion Blocks the Ability of PKC␣ to Promote Cellular Migration—We next asked whether DLG1 is necessary
for PKC␣ to promote cell migration by examining the effect of
inhibiting conventional PKC activity on cell migration in control cells, cells lacking PKC␣, or cells lacking PKC␣ and DLG1.
Specifically, stably transfected NT or PKC␣ shRNA-expressing
H1703 cells were transiently transfected with a control siRNA
(ctrl siRNA; Fig. 4, circles) or a siRNA targeting human DLG1
(DLG1 siRNA; Fig. 4, squares), and cell migration was measured
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. PKC␣ interacts via its PDZ ligand with the PDZ domain scaffold DLG1/SAP97. A, PDZ domain array overlay is shown. The last 25 amino acids of
PKC␣ were tagged with GST and overlaid on an array of 96 PDZ domains. B, shown is a list of PDZ domains in the array shown in A, with two positive interactions
boxed. C, co-immunoprecipitation of PKC␣ and DLG1 is shown. Myc-tagged DLG1 was expressed alone (lane 1) or in combination with HA-tagged PKC␣ (lane
2) or HA-tagged PKC␣ lacking the last three amino acids (HA-PKC␣⌬PDZ; lane 3) in HEK293T cells, PKC␣ was immunoprecipitated (IP) using the HA tag, and
immunoprecipitates were probed for Myc-DLG1 or HA-PKC␣.

Coordination of PKC␣ signaling at DLG1 Promotes Migration

in wound-healing assays. DLG1 siRNA transfection resulted in
an ⬃50% reduction in DLG1 levels (n ⫽ 3; Fig. 4, upper panel);
these cells displayed a reduction in migration that was similar to
that observed in cells depleted of PKC␣ (Fig. 4, lower panel). To
further validate the specific role of DLG1 in wound healing, we
depleted H1703 cells of DLG1 using a second siRNA sequence,
resulting in 64 ⫾ 7% inhibition of DLG1 expression and a 20%
decrease in wound healing, similar to that observed with the
original siRNA (supplemental Fig. 2). Strikingly, no further
reduction in migration was observed in cells depleted of both
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DLG1 and PKC␣ (Fig. 4, filled squares). These data suggest that
the regulation of cellular migration by PKC␣ depends on DLG1.
PKC␣ Phosphorylates DLG1 at Thr-656—Analysis of the
sequence of full-length DLG for predicted phosphorylation
sites (ScanSite) revealed the presence of a putative cPKC phosphorylation site at Thr-656. This residue lies between the SH3
and Hook domains of DLG1 (Fig. 5A). Alignment of DLG isoforms and MAGI-3 (Fig. 5B) revealed that this phosphorylation
site is conserved in all of these proteins except PSD-95, which
has an Ala at the potential phospho-acceptor site. Furthermore,
this potential phosphorylation site is conserved among species,
including Drosophila. To identify whether this site is phosphorylated in cells, we generated a phospho-specific antibody using
a phosphorylated peptide corresponding to the region surrounding Thr-656. Fig. 5C shows that this antibody (Thr(P)656) recognizes the phosphorylated peptide with almost 100fold selectivity compared with the unphosphorylated peptide.
We next tested whether Thr-656 is phosphorylated in cells.
Primary astrocytes, chosen because of their high level of expression of DLG1, were treated with 1) PMA, which acutely stimulates PKC activity, 2) Gö6983, which inhibits conventional and
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FIGURE 2. PKC␣ and DLG1 promote cell migration in wound-healing
assays. A, PKC␣ and DLG1 colocalization at the leading edge of migrating
astrocytes is shown. Primary murine astrocytes were pretreated with Gö6976
(500 nM; bottom row) or a corresponding amount of DMSO (middle row),
scratched with a 10-l pipette tip, fixed 4 h after scratch, and stained for
endogenous PKC␣ and DLG1. Scale bars: 50 nm. B, shown is quantification of
the percent of cells with colocalization of PKC␣ and DLG1 at the leading edge
of migrating cells (n ⫽ 5 experiments with ⬎30 cells per condition in each
experiment). C–E, shown is the effect of cPKC inhibition on wound healing.
Primary astrocytes (C), SNB-19 glioblastoma cells (D), and stable non-targeting shRNA-expressing (NT; open symbols) or PKC␣ shRNA-expressing (filled
symbols) cell lines derived from H1703 NSCLC cells (E) were pretreated with
mitomycin C (to inhibit proliferation) followed by DMSO (circles) or Gö6976
(squares), scratched with a pipette tip, and followed over 12– 42,16 –24, or
8 –16 h, respectively. The area covered by migrating cells was quantified
using ImageJ; data points represent the mean ⫾ S.E. of at least three experiments. F, a Western blot shows PKC␣ knockdown efficiency for a representative experiment as in E. After completion of the scratch assay, cells were lysed,
and lysates were probed for PKC␣ and the loading control ␤-actin. *, significantly different from control DMSO-treated cells, p ⬍ 0.05; **, p ⬍ 0.01.

FIGURE 3. Wild type PKC␣ but not PKC␣ lacking the last three amino acids
rescues wound healing in PKC␣-depleted H1703 cells. Upper panel, a
Western blot shows re-expression of bovine wild type (wt) HA-tagged PKC␣
or PKC␣ lacking the last three amino acids (⌬PDZ) in H1703 cells stably
expressing NT or PKC␣ shRNA in a wound healing assay as described below.
After completion of the scratch assay, cells were lysed, and lysates were
probed for PKC␣, HA, and ␤-actin. Lower panel, shown is the effect of PKC␣
rescue on wound healing. The indicated H1703 cells were transiently transfected with enhanced GFP (eGFP; as a marker for transfection) with or without
HA-PKC␣ or HA-PKC␣-⌬PDZ. Cells were plated at equal densities and then
pretreated with mitomycin C (to inhibit proliferation) and scratched with a
pipette tip, and their migration was monitored over 8 –16 h. The area covered
by migrating cells was quantified using ImageJ, and data points represent the
mean ⫾ S.E. of four experiments. *, significantly different from the NT shRNA ⫹
eGFP condition, p ⬍ 0.05.
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novel PKC isoforms, and 3) Gö6976, which inhibits only the
conventional PKC isoforms. Western blot analysis of astrocyte
lysates in Fig. 6A shows that an antibody for total DLG1 recognized a doublet that likely corresponds to splice variants of
DLG1 (30). These bands were strongly labeled by the Thr(P)656 antibody in lysates from cells treated with PMA (lane 2) but
not vehicle alone (lane 1). Importantly, Thr(P)-656 labeling was
abolished in cells pretreated with the PKC inhibitors Gö6976
(lane 3) or Gö6983 (lane 4) before PMA stimulation.
To determine whether PKC␣ is the primary kinase that phosphorylates DLG1 at Thr-656, we examined the phosphorylation state of this residue in MEFs lacking the gene for PKC␣
(PKC␣⫺/⫺) compared with that in their wild type counterparts (PKC␣⫹/⫹). MEFs were treated with PMA to promote
PKC-catalyzed phosphorylation and the PP1/PP2A inhibitor
calyculin A to stabilize the phosphorylated state or pretreated
with the PKC inhibitors Gö6983 and Gö6976 and then treated
with PMA and calyculin A. The Western blot in Fig. 6B shows
that DLG1 migrated as a doublet in the MEFs, similar to what
we observed for DLG1 in astrocytes. The bands were only
weakly labeled with the Thr(P)-656 antibody, but immunoreactivity increased upon PMA treatment, and cotreatment with
calyculin A further enhanced labeling with this antibody. This
PMA/calyculin A-stimulated phosphorylation of DLG1 was
abolished in cells treated with Gö6983 and significantly
reduced in cells treated with Gö6976, as shown by quantitation
of the data from eight separate experiments, presented in Fig.
6D. Both basal and phorbol ester-stimulated phosphorylation
DECEMBER 16, 2011 • VOLUME 286 • NUMBER 50
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FIGURE 4. Interfering with DLG1 blocks the effects of PKC␣ knockdown
on wound healing. Upper panel, a Western blot shows DLG1 and PKC␣
knockdown efficiencies for a representative wound-healing experiment as
described below. After completion of the scratch assay, cells were lysed, and
lysates were probed for PKC␣, DLG1, and actin. Lower panel, shown is the
effect of combined PKC␣ and DLG1 knockdown on wound healing. H1703
NSCLC cells stably expressing a NT or a PKC␣ shRNA were transiently transfected with a scrambled siRNA pool (ctrl) or a siRNA pool targeting DLG1,
re-plated, and subjected to a wound healing assay as described for Fig. 3.
Results reflect the means ⫾ S.E. of three experiments.

of Thr-656 were significantly reduced in PKC␣⫺/⫺ MEFs;
quantitation of 8 independent experiments (Fig. 6D) revealed
that basal phosphorylation was reduced ⬃50%, with no significant increase after phorbol ester treatment. Calyculin A treatment unmasked a very modest increase in phosphorylation of
Thr-656, which was not significantly affected by PKC inhibitors, suggesting that inhibition of phosphatases allowed slight
phosphorylation of this site by other kinases. These data reveal
that PKC␣ is the predominant kinase catalyzing the phosphorylation of Thr-656 in MEFs.
We also examined whether DLG1 is phosphorylated by
PKC␣ in H1703 NSCLC cells, which were used to examine the
effects of PKC␣ and DLG1 on migration. Because of the low
basal level of endogenous DLG1 phosphorylation in these cells,
we overexpressed a CFP-tagged form of DLG1 in H1703 cells
expressing a non-targeting shRNA or a PKC␣ shRNA and
examined phosphorylation of Thr-656 under conditions of
PKC activation and inhibition. The results (Fig. 6C) were very
similar to those observed in the PKC␣⫹/⫹ and PKC␣⫺/⫺
MEFs; depletion of PKC␣ (by 60 ⫾ 10%) impaired DLG1 phosphorylation stimulated by treatment with PMA and calyculin A
(compare lanes 3 and 8) as did pretreatment with Gö6976 (lane
4) or Gö6983 (lane 5). Quantitation of n ⫽ 7 experiments (Fig.
6E) showed that interference with PKC␣ expression or activity
significantly decreased Thr-656 phosphorylation in H1703
cells, establishing PKC␣ as the primary kinase for this site in
this NSCLC cell line.
PKC␣ Activity at the DLG1 Scaffold Is Increased in Highly
Invasive Cells—Given that PKC␣ mediates phosphorylation of
DLG1 at Thr-656, we next examined whether DLG1-associated
PKC␣ activity (as read out by Thr-656 phosphorylation) is correlated with invasiveness in human lung cancers. Taking advantage of a study profiling invasion by the 9 NSCLC lines in the
NCI-60 (31), we chose two cell lines with a non-invasive phenotype (NCI-H322M and NCI-23; invasion scores of less than
1000) and two more highly invasive cell lines (A549 and
HOP62; invasion scores of ⬃4000) and examined PKC␣
expression and DLG1 phosphorylation. Similar to H1703 cells,
these cell lines have very low basal levels of endogenous DLG1
phosphorylation, so we examined PKC␣ signaling at the DLG1
scaffold by overexpressing CFP-DLG1 and treating with PMA
and calyculin A with or without pretreatment with the cPKC
inhibitor Gö6976. Overall PKC␣ expression was significantly
increased (2.5–3-fold) in A549 and HOP62 cells compared with
H322M and H23 cells (Fig. 7, A and B), in accordance with data
from reverse phase protein array profiling of the NCI-60 (32),
which establish relative PKC␣ protein levels in these four cell
lines as 1.0 (H322M), 1.3 (H23), 4.7 (A549), and 4.6 (HOP62).
To read out PKC␣ activity at the scaffold, we examined the
component of PMA-stimulated DLG1 phosphorylation that
was reversed by Gö6976 treatment, corresponding to cPKCmediated phosphorylation. This parameter was increased in
the more highly invasive cell lines (Fig. 7A); quantitation of 8
separate experiments revealed increases of 1.7 ⫾ 0.5- and 3.3 ⫾
0.7-fold in Gö6976-reversible Thr-656 phosphorylation in
A549 and HOP62 cells, respectively, compared with H322M,
although only the difference between the H322M and HOP62
cells was significant. As expected, the difference between

Coordination of PKC␣ signaling at DLG1 Promotes Migration

FIGURE 5. DLG1 contains a conserved conventional PKC phosphorylation site. A, domain architecture of rat DLG1/SAP97 shows the location of a putative
PKC phosphorylation site, identified using Scansite, at threonine 656. B, alignment shows conservation of the PKC phosphorylation site in three of four human
DLG isoforms and DLG isoforms from lower organisms. C, shown is generation of an antibody specific for DLG1 phosphorylated at Thr-656. Various amounts of
phospho- and de-phosphopeptides corresponding to residues 649 – 661 of human DLG1 were spotted onto nitrocellulose and overlaid with the phosphospecific (Thr(P)-656) antibody.
Downloaded from www.jbc.org at Biomedical Library, UCSD, on December 12, 2011
FIGURE 6. PKC␣ phosphorylates DLG1 at Thr-656. A, cPKC-dependent phosphorylation of DLG1 is shown. Primary murine astrocytes were treated for 30 min
with vehicle or PMA (lanes 2– 4) and Gö6976 (lane 3) or Gö6983 (lane 4). Cells were lysed, and lysates were probed for levels of phospho- and total DLG1. B, DLG1
phosphorylation in the presence and absence of PKC␣ is shown. Immortalized wild type MEFs (PKC␣⫹/⫹) or MEFs lacking the gene for PKC␣ (PKC␣⫺/⫺) were
pretreated with DMSO (denoted by D), Gö6983 (83), or Gö6976 (76) for 10 min before the addition of PMA for 20 min and the phosphatase inhibitor calyculin
A (cal) for the last 2 min of PMA treatment. Cells were lysed, and lysates were probed for DLG1 phosphorylated at Thr-656 (pT656; relevant bands are marked
with asterisks) and total DLG1 levels. C, shown are changes in DLG1 phosphorylation upon PKC␣ knockdown. H1703 NSCLC cells stably expressing a NT or a
PKC␣ shRNA were transfected with CFP-tagged DLG1 and treated as described in B; lysates were probed for Thr(P)-656, DLG1, PKC␣, and the loading control
heat shock protein 70 (hsp70). D, shown is a bar graph representing the mean ⫾ S.E. of 8 experiments as described in B. E, shown is a bar graph representing the
mean ⫾ S.E. of 7 experiments as described in C. Significantly different from control PMA⫹cal-treated cells; *, p ⬍ 0.05; **, p ⬍ 0.01.

H322M and H23 cells was negligible (Fig. 7C). These results
show that DLG1-associated PKC␣ activity is correlated with
invasion across several human lung cancer cell lines.

DISCUSSION
In this study we have identified the PDZ domain-containing
scaffold DLG1 as a binding partner and substrate for PKC␣ that
is required for PKC␣ to promote cell migration. Specifically, we
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show that the PDZ ligand of PKC␣ binds the third PDZ domain
of DLG1, coordinating the phosphorylation at Thr-656 on
DLG1. These two proteins colocalize at the leading edge of
migrating cells, a dynamic region controlled by cytoskeletal
interactions, where they promote scratch-induced migration in
several different cell types. Key to our study was the finding that
PKC␣ inhibition did not affect wound healing when DLG1 was
depleted. Taken together, our results are consistent with a
VOLUME 286 • NUMBER 50 • DECEMBER 16, 2011
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model in which the DLG1 scaffold coordinates signaling by
PKC␣ to regulate cellular migration in two-dimensional culture and in which phosphorylation of DLG1 at Thr-656 marks
PKC␣ activity at this scaffold.
Many studies have shown that PKC␣ plays roles in cell motility in vitro and in vivo (6); phorbol esters, which activate PKC,
enhance cellular migration and have well characterized effects
on the actin cytoskeleton (10), and PKC␣-specific inhibitors
and siRNA attenuate cell spreading, wound healing, metalloprotease activation, and metastasis in several models (33– 40).
Recently, microRNA profiling revealed that the presence of
brain metastasis in NSCLC patients could be predicted in part
by the expression of a microRNA whose forced expression
results in up-regulation of PKC␣ levels, suggesting that PKC␣
plays an important role in metastasis in human lung cancer
(41). Such effects on motility have been suggested to be mediated by several PKC binding proteins/substrates, including
␣6-tubulin (33), RhoGDP-dissociation inhibitor, syndecan-4
(35–37), ADAM-10 (a disintegrin and metalloprotease 10) (39),
and fascin (34). However, the majority of these studies do not
address the question of whether the PKC␣-mediated effects on
cellular migration are dependent on the presence of the subDECEMBER 16, 2011 • VOLUME 286 • NUMBER 50
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FIGURE 7. PKC␣ signaling at the DLG1 scaffold is increased in highly invasive NSCLC lines relative to their less invasive counterparts. A, PKC␣
expression and phosphorylation of DLG1 at Thr-656 in NSCLC lines are shown.
NCI-H322M, NCI-H23, A549, and HOP62 cells were transiently transfected
with CFP-DLG1 and pretreated with DMSO (denoted by D) or the PKC inhibitor Gö6976 (76) for 10 min before the addition of PMA for 20 min and the
phosphatase inhibitor calyculin A (cal) for the last 10 min of PMA treatment.
Cells were lysed, and the lysates were probed for Thr(P)-656, DLG1, PKC␣, and
the loading control heat shock protein 90 (hsp90). B and C, bar graphs representing the mean ⫾ S.E. of PKC␣ expression (B) and DLG1 phosphorylation at
Thr-656 (C) in 8 experiments performed as described in A. Gö6976-reversible
phosphorylation was calculated by subtracting the relative phosphorylation
in the PMA⫹cal⫹76 condition from the relative phosphorylation in the
PMA⫹cal condition. Significantly different from H322M cells; *, p ⬍ 0.05.

strate in question. Our results demonstrate a PKC␣-DLG1 signaling pathway that positively affects migration and could play
a pro-oncogenic role. Although DLG1 has historically been
characterized as a tumor suppressor (42, 43), it varies in expression among malignancies (44) and is known to play different
and sometimes opposing roles in various processes involved in
tumor progression, including differentiation, cytokinesis, proliferation, cell migration, and control of the tumor microenvironment (43, 45). Moreover, a DLG1 mutant mouse in which
the gene is disrupted starting after the third PDZ domain shows
no increase in tumor development but does demonstrate a cleft
palate phenotype that is consistent with failure of cell migration
(46).
Previous studies have demonstrated a role for DLG1 in
scratch-induced migration in primary astrocytes. Specifically,
atypical PKC activity regulates the leading edge localization of
DLG1, where it controls the localization of adenomatous polyposis coli and polarization of microtubules. Furthermore,
DLG1 interacts with guanylate kinase anchoring protein along the
microtubules to contribute to proper microtubule dynamics,
which allow the cell to properly position the centrosome, establish
cell polarity, and migrate into the scratch wound (47–49). These
observations point to a critical role for DLG1 in astrocyte migration and highlight the importance of the guanylate kinase (GUK)
domain in carrying out this function of DLG1.
The C-terminal moiety of DLG1 is composed of an SH3
domain and GUK domain separated by a Hook (hinge) region.
In the fly, SH3-Hook mutants or mutations that otherwise disrupt SH3-GUK binding phenocopy DLG null mutants (50, 51);
thus, this region is critical for the function of this scaffolding
protein. The Hook domain of DLG1 cooperates with the SH3
domain to bind the GUK intramolecularly and regulate the
accessibility of this domain to binding partners (52). Thus,
phosphorylation at Thr-656, which is situated between the SH3
and Hook regions, could alter the interaction of DLG1 with
partners whose binding site has been mapped to the SH3-GUK
region, including the previously mentioned guanylate kinaseanchoring protein and ADAM-10, which bind to the DLG1
SH3 domain and also to PKC␣ (39, 53). Importantly, a GUK
deletion mutant is unable to rescue the microtubule polarization defects upon DLG1 knockdown in migrating astrocytes
(48), so this region is critical to DLG1 function in astrocyte
migration. Despite the critical functions of this region and
despite our finding that PKC␣ and DLG1 cooperate in regulating wound healing, mutation of the phospho-acceptor site had
no effect on wound healing (data not shown). It is possible that
DLG1 overexpression can compensate for mutation of this
PKC␣ phosphorylation site. An alternative hypothesis is that
DLG1 scaffolds PKC␣ to other substrates that are important for
PKC␣ effects on wound healing, and therefore, phosphorylation of DLG1 at Thr-656 serves as a marker for PKC␣ activity at
the scaffold but is not itself required to mediate the pro-migratory effects of PKC␣. For example, the membrane-associated
protein 4.1, which participates in membrane reorganization in
multiple cell types, binds to DLG1 through the 4.1 conserved
N-terminal FERM (four.one protein, ezrin, radixin, moesin)
domain (54) and is phosphorylated by PKC␣ at a conserved (55)
serine that is important for spectrin-actin association (56, 57).

Coordination of PKC␣ signaling at DLG1 Promotes Migration
DLG1 may promote PKC␣-mediated phosphorylation of 4.1 to
promote membrane destabilization and allow cellular migration. Thus, although the specific functional consequences of
Thr-656 phosphorylation remain to be elucidated, this phosphorylation event is correlated with increased invasiveness in
four NSCLC cell lines, supporting a critical role for DLG1-associated PKC␣ activity in cancer cell motility.
In this study we connect PKC␣, which is known to positively
regulate cellular migration, with the scaffold DLG1, which acts
to enable migration via interactions with numerous proteins
involved in motility. Specifically, we identify a novel PDZ ligand
interaction of PKC␣ that is necessary for it to facilitate cell
migration.
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