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Abstract

Inhibitor of growth 4 (ING4) is a candidate tumor suppressor
that plays a major role in gene regulation, cell cycle control,
apoptosis, and angiogenesis. ING4 expression is down-
regulated in glioblastoma cells and head and neck squamous
cell carcinoma. Here, we identified liprin A1/PPFIA1, a cyto-
plasmic protein necessary for focal adhesion formation and
axon guidance, as a novel interacting protein with ING4. ING4
and liprin A1 colocalized at lamellipodia in the vicinity of
vinculin. Overexpressed ING4 suppressed cell spreading and
cell migration. In contrast, overexpressed liprin A1 enhanced
cell spreading and cell migration. Knockdown of endogenous
ING4 with RNA interference induced cell motility, whereas
knockdown of endogenous liprin A1 suppressed cell motility.
ING4 also suppressed cell motility that was enhanced by liprin
A1. However, ING4 did not further suppress cell motility when
liprin A1 was suppressed with RNA interference, suggesting a
functional and mechanistic interdependence between these
proteins. In addition to its nuclear functions, cytoplasmic
ING4 interacts with liprin A1 to regulate cell migration and,
with its known antiangiogenic function, may prevent invasion
and metastasis. [Cancer Res 2007;67(6):2552–8]

Introduction

Inhibitor of growth (ING) gene family is composed of six
members in humans, including ING1, ING2, ING3, ING4, ING5, and
INGx (1, 2). The first ING gene (ING1) was identified by using a
strategy for tumor suppressor gene isolation (3). ING4 and other
family members were subsequently identified by a sequence
homology search (4–7). As a candidate tumor suppressor, ING4 is
associated with a loss of heterozygosity on chromosomes in head
and neck cancers (8). The ING genes negatively regulate cell
proliferation (2, 9, 10). ING4 binds to p53 and acetyltransferase
p300 and, thus, facilitates p53 acetylation by p300, especially on
Lys382 (7). The ING4 protein also associates with the HBO1 histone
acetyltransferase complex (11) and interacts with the methylated
lysine 4 of histone H3 (12, 13), suggesting a role in chromatin
remodeling and transcription regulation.

ING4 overexpression induces apoptosis in cells (7). In addition,
ING4 plays a major role in cellular responses to hypoxia, repressing
hypoxia-inducible factor (HIF) activation by interacting with HIF

prolyl hydroxylase (14). ING4 regulates angiogenesis induced by
human glioblastoma cells in severe combined immunodeficient
mice by interfering with the nuclear factor-nB (NF-nB) pathway
(15) and was also reported to suppress loss of contact inhibition
(16). ING4 overexpression in breast cancer cells showed the
attenuation of anchorage-independent cell growth in soft agar (16).

The conversion of a cancer cell into an invasive metastatic type
is a hallmark of tumor progression as well as the deregulation of
cell proliferation (17). During this switch, cancer cells lose control
of several morphologic features, such as cell polarization, filopodia
and lamellipodia formation, cell spreading, and cell migration (18),
which are key regulating steps between the static and metastatic
transition of a cancer cell. The morphologic transition toward a
migrating cell involves multiple regulatory components at different
steps (19). Elucidating the regulatory networks among the known
tumor suppressors and identifying new candidate tumor suppres-
sor genes may provide valuable therapeutic strategies for prevent-
ing tumor progression and metastasis.

To reveal the molecular basis of ING4 function, we examined
ING4-interacting proteins by a protein pull-down assay. We
identified several ING4-associated proteins. We show here that
ING4 interacts and colocalizes in lamellipodia with liprin a1/
PPFIA1 [protein tyrosine phosphatase, receptor type f polypeptide,
interacting protein (liprin), a1]. Liprin a1 was identified as a
binding protein of leukocyte common antigen-related (LAR) family
receptor tyrosine phosphatases and colocalized with LAR at focal
adhesions (LAR-RPTP; ref. 20). Liprin a1 is required for the
trafficking of synaptic vesicles (21) and involved in the develop-
ment and maintenance of excitatory synapses (22). We further
show that ING4 overexpression leads to the suppression of cell
spreading and cell migration, and liprin a1 is required for these
functions. We propose that ING4 regulates cell motility by
interacting with liprin a1.

Materials and Methods

Cell lines and culture. RKO, HEK-293, and U-87 MG cells were
purchased from the American Type Culture Collection (Rockville, MD) and

cultured under recommended conditions. Transient transfections of

plasmids were done with LipofectAMINE and Plus reagent according to

the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
Plasmid construction. pFLAG-CMV2-ING4, pFLAG-CMV6-ING2, and

pFLAG-CMV2-ING5 were constructed previously (7, 23). The liprin a1
expression plasmid pMT2-myc-liprin a1 was a generous gift from Dr.

Morgan Sheng (Massachusetts Institute of Technology, Cambridge, MA).
Antibodies and reagents. FLAG M2 mouse monoclonal antibody

(mAb), rabbit anti-FLAG polyclonal antibody, and mouse anti-vinculin

mAb were purchased from Sigma-Aldrich (St. Louis, MO). Chicken anti-
liprin a1 polyclonal antibody was purchased from Genway (San Diego, CA),

and mouse anti-myc mAb was from Invitrogen. Fluorophor-conjugated

secondary antibodies for immunofluorescence were purchased from
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Jackson ImmunoResearch Laboratory (West Grove, PA). Alexa Fluor 488 or

rhodamine-phalloidin was from Molecular Probes (Eugene, OR). Rabbit

anti-ING4 polyclonal antibody was created as described previously (7), and

mouse anti-ING4 mAb was obtained from BD Biosciences (San Jose, CA).
Protein pull-down assay. RKO cells were transfected with FLAG-ING4

plasmid. After 48 h of transfection, cells were harvested, resuspended in

lysis buffer A [20 mmol/L HEPES (pH 7.9), 20% glycerol, 10 mmol/L NaCl,
1.5 mmol/L MgCl2, 0.2 mmol/L EDTA, 0.1% NP40, 1 mmol/L DTT, protease

inhibitor cocktail (Calbiochem, La Jolla, CA)], kept on ice for 10 min, and

centrifuged at 500 � g for 5 min at 4jC. The supernatant, which contains

mostly cytoplasmic extracts, was saved for future experiments. The
precipitate that contains perinuclear and nuclear extracts was resuspended

in lysis buffer B (same as lysis buffer A but with 500 mmol/L NaCl), kept on

ice for 30 min, and centrifuged at 13,000 � g for 15 min at 4jC. The
supernatant was incubated with FLAG M2–conjugated resins (Sigma-
Aldrich) for 4 h at 4jC (salt concentration is 250 mmol/L), centrifuged, and

washed thrice with wash buffer 1 [20 mmol/L HEPES (pH 7.9), 150 mmol/L

KCl, 0.2 mmol/L EDTA, 0.2 mmol/L EGTA, 0.1% NP40, 10% glycerol,
1 mmol/L DTT, protease inhibitor cocktail] followed by three washes with

wash buffer 2 (same as wash buffer 1 but with 300 mmol/L KCl). The pull-

down proteins were eluted by elution buffer [20 mmol/L Tris-HCl (pH 8.0),

150 mmol/L KCl, 1 mmol/L DTT, 5% glycerol] containing 0.2 mg/mL of
FLAG peptide at 4jC for 4 h.

Coimmunoprecipitation. RKO cells transfected with FLAG-ING4

expression plasmids were harvested after 48 h of transfection, resuspended

in extraction buffer A [50 mmol/L Tris-HCl (pH 8.0), 500 mmol/L KCl, 20%
glycerol, 0.1% NP40, 1 mmol/L DTT, protease inhibitor cocktail], subjected

to three rounds of freeze thawing (liquid nitrogen, 37jC), and centrifuged

at 13,000 � g for 10 min at 4jC. The cellular extracts (400 Ag) were immu-
noprecipitated with FLAG M2 resin (salt concentration is 266 mmol/L)

for 4 h at 4jC, centrifuged, and washed four times with extraction

buffer A.

Subcellular fractionation. RKO cells transfected with FLAG-ING4
plasmid were grown for 48 h before being harvested. Cytoplasmic and

nuclear fractions were separated by NE-PER kit (Pierce, Rockford, IL).

Immunofluorescence microscopy. Cells were plated on glass coverslips

at 4 � 104/cm2 and cultured for designated incubation times with

designated cell treatments. Cells were fixed in 4% paraformaldehyde,

permeated by 0.1% Triton X-100, and blocked by 1% bovine serum albumin
in PBS. Cells were incubated with a primary antibody at room temperature

for 1 h and then treated with fluorophor-conjugated secondary antibody for

another hour at room temperature. The cells were examined by
fluorescence microscopy (Axioplan 2 imaging, Carl Zeiss, Thornwood, NY).

Small interfering RNAs. Small interfering RNA (siRNA) targeting ING4

and liprin a1 transcripts was designed and synthesized by Qiagen (Valencia,

CA). siRNA sequences for ING4 were as follows: ING4 siRNA-1, 5¶-
TCCCTTTGAATTACAGAGAAA-3¶; ING4 siRNA-2, 5¶-ATGCCTGTGGATCC-
CAACGAA-3¶; ING4 siRNA-3, 5¶-GAGGCTGATCTCAAGGAGAAA-3¶; and

ING4 siRNA-4, 5¶-AAGGAGAAACAGATTGAGTCA-3¶. siRNA sequences for

liprin a1 were as follows: liprin a1 siRNA-1, 5¶-CACGAGGTTGGTCAT-
GAAAGA-3¶ and liprin a1 siRNA-2, 5¶-CTGGTGTTTCCGAGACGGATA-3¶.
LipofectAMINE 2000 was used for transfection of the siRNAs.

Cell spreading assay. RKO cells transfected with ING4 expression
plasmids were plated on glass coverslips in serum-free medium and

cultured overnight. The starved cells were stimulated by 5% fetal bovine

serum (FBS) in DMEM without glutamine and antibiotics. At designated

time points, cells were fixed and stained on filamentous actin (F-actin) by
rhodamine-phalloidin. Membrane protrusion and spreading was observed

by immunofluorescence microscopy based on the staining. The ratio of cells

that had filopodia and/or lamellipodia over cells with green fluorescent

protein (GFP) expression was calculated by counting cells and is referred to
as the percentage of cell spreading. The average surface area per cell was

measured by NIH ImageJ software. The statistical analysis was done by

Student’s t test with data from more than three independent fields in the
experiment.

Modified Boyden chamber cell migration assay. Modified Boyden

chamber cell migration assay was done using a migration chamber

containing 8-Am pore size polystyrene membranes coated with FluoroBlok
materials (BD Biosciences). RKO cells were plated at 2 � 104/cm2 in a

100-mm dish and cultured for 16 h. Cells were transfected with 1 Ag plasmid

Figure 1. ING4 interacts with liprin a1.
A, cell extracts from RKO cells transfected
with FLAG-ING4 were used for the pull-
down assay. The binding proteins were
separated by 12% SDS-PAGE, visualized
by Coomassie blue staining, and extracted
for MS analysis. The identified proteins
were listed. B, whole-cell lysates from
RKO cells expressed FLAG-tagged
ING2 and ING4 or 5 were used for
immunoprecipitation (IP ) using FLAG
M2 resin. Liprin a1 was detected by
immunoblot (IB ) using chicken anti-liprin
a1 antibody. C, whole-cell lysates from
RKO cells that expressed myc-tagged
liprin a1 and three kinds of FLAG-tagged
COOH-terminal–truncated ING4 (N-134,
N-180, and N-244) were used for
immunoprecipitation using anti-myc
antibody. D, subcellular fractionations of
cell lysate from RKO cells that expressed
FLAG-tagged ING4 and myc-tagged
liprin a1 were resolved in SDS-PAGE.
C, cytoplasmic; N, nuclear.
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and incubated for 16 h. The transfected cells were harvested, washed once
with serum-free DMEM, and resuspended in serum-free DMEM at a concen-

tration of 1 � 105/mL. For the FluoroBlok transmembrane migration assay,

0.5 mL of the cell suspension was transferred to the upper chamber of

the assay and 0.75 mL of complete DMEMwas laid in the lower chamber. The
24-well plate of the migration assay was immediately incubated at 37jC for

22 h. Quantitative cell migration data were obtained by fluorescence

spectrometry (Victor II, Perkin-Elmer Life and Analytical Sciences, Boston,

MA) after the transverse cells in the lower chamber were stained with calcein
AM (Molecular Probes) at 37jC for 1 h.

Results

ING4 interacts with liprin A1. We did a pull-down assay using
FLAG-tagged ING4 (ING4_v1) protein overexpressed in RKO cells
to understand the network of ING4-interacting proteins. Several
cytoplasmic proteins, Ubc4/5, calcium-binding protein 1, Ras
GTPase-activating protein, SH3 domain-binding protein 2a,
COP1-h¶, liprin a1, and several ribosomal proteins, were identified
as ING4-interacting proteins by mass spectrometry (MS; Fig. 1A).
Among these pull-down proteins, we focused on liprin a1 in this
report. The MS results were further confirmed by coimmunopre-
cipitation of FLAG-ING4 with endogenous liprin a1, which was
detected by anti-liprin a1 antibody in a Western blot (Fig. 1B). This
interaction was specific for ING4 among other ING family proteins;
ING2 and ING5 did not coimmunoprecipitate with liprin a1
(Fig. 1B). We determined the ING4 motif responsible for the
interaction using three COOH-terminal–truncated FLAG-ING4
constructs coexpressed with myc-tagged liprin a1. The peptide
sequence between codons 135 and 180 was essential for ING4-liprin
a1 interaction (Fig. 1C).

Because liprin a1 is known to carry out its function mainly in the
cytoplasm, and ING4 has been shown to possess gene regulatory
activities in the nucleus, we investigated whether ING4 was also
present in the cytoplasm. By subcellular fractionation and Western
blotting, we showed that ING4 was present in both nuclear and
cytoplasmic extracts (Fig. 1D). We also found that liprin a1 was
present in both nuclear and cytoplasmic extracts, whereas the focal
adhesion molecule vinculin was more strictly found in the
cytoplasmic extract, and a nuclear marker, lamin A/C, was only
detected in the nuclear extract (Fig. 1D).
ING4 colocalizes with liprin A1 in protruding membranes.

The subcellular localization of ING4 and liprin a1 was examined
by immunofluorescence. We have observed that overexpressed
ING4 (ING4_v1) mainly localized in the nucleus when cells were
in contact with each other (24). However, overexpressed ING4 had
a tendency to be distributed in the cytoplasm under low cell
density conditions in RKO cells (Fig. 2A). ING4 was widely spread
out but mostly in the cytoplasm, with elongated protruding
membranes stimulated by serum in the cells (Fig. 2B). It is
intriguing that ING4 proteins preferred to cluster around the
perinuclear areas and, most remarkably, assembled into intensive
foci along the protruding membrane. Looking closely at the
protruding membrane, we found that ING4 localized densely at
the forefront of the leading edge, suggesting a role for ING4 in
mechanisms of membrane protrusion, such as focal adhesion
(Fig. 2B). Similar to ING4, endogenous liprin a1 resided all around
the cytoplasm and formed puncta in the polar lamellipodium. The
colocalization of ING4 and liprin a1 in the protruding membrane
or polar lamellipodium was significant (Fig. 2B). The colocaliza-
tion was further confirmed by confocal microscopy analyses in
RKO cells cotransfected with liprin a1 and ING4 (Supplementary

Fig. S1A). We also observed similar colocalization of ING4 and
liprin a1 in protruding membranes or polar lamellipodia in HEK-
293 cells and U-87 MG glioblastoma cells (Supplementary Fig. S1B
and C).

Because ING4 and liprin a1 colocalized mainly at the
protruding membranes, we surmised that ING4 may be involved
in a focal adhesion complex. We examined whether ING4
colocalizes with the focal adhesion molecule vinculin in the cells.
ING4 clustered at the tip of polar lamellipodia in front of vinculin
or at the front edge of membrane ruffles that was surrounded by
vinculin (Fig. 2C).
Effect of overexpressed ING4 and liprin A1 on cell motility.

Liprin a1 plays a major role in neuron cell growth, particularly in
axon guidance and in terminal branches during dendrite extension

Figure 2. ING4 colocalizes with liprin a1 at lamellipodia in the vicinity of vinculin.
A, RKO cells transfected with ING4 plasmid were seeded on glass coverslips
and cultured in complete medium for 24 h. Red, ING4 was detected by rabbit
anti-ING4 antibody. B, FLAG-ING4–transfected RKO cells were seeded on
fibronectin-coated glass coverslips, starved overnight, and stimulated by 5%
FBS. Cells in growing status were observed by immunofluorescence microscopy.
Liprin a1 (green ) was detected by chicken anti-liprin a1 antibody, and
FLAG-ING4 (red) was detected by rabbit anti-FLAG antibody. Bar, 10 Am.
C, RKO cells transfected with FLAG-ING4 were treated the same way as (B).
ING4 (red) was detected by rabbit anti-FLAG antibody, and vinculin (green ) was
detected by mouse anti-vinculin antibody.
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(22). Because ING4 interacts with liprin a1, we were interested in
understanding whether ING4 regulates cell spreading and cell
motility. First, we did a cell spreading assay. Cells were syn-
chronized by serum starvation and stimulated by adding serum.

The membrane morphology was observed by F-actin staining. The
transfection efficiency, evaluated by a GFP expression vector, was
high enough (80–90%) for the cells to be used for this experiment
(Supplementary Fig. S2A). The surface area of ING4-overexpressed

Figure 3. Effect of overexpressed ING4
and liprin a1 on cell spreading and
migration. A, left, RKO cells transfected
with enhanced GFP (EGFP) vector and
EGFP-ING4 were starved overnight and
stimulated by serum. After 1 h of serum
stimulation, average surface area per cell
was measured (Supplementary Fig. S2B).
Right, starved RKO cells transfected
with pFLAG vector or pFLAG-ING4 were
subjected to the cell spreading assay
as in (A). After 1 h of serum stimulation,
the ratio of cells with filopodia and/or
lamellipodia formation versus cells
transfected with EGFP or EGFP-ING4
was calculated (Supplementary Fig. S3A).
B, RKO cells transfected with pcDNA
vector or pcDNA-ING4 plasmid were used
for the modified Boyden chamber assay.
Cell migration was quantified by measuring
the total fluorescence of cells that traveled
to the lower chamber. C, starved RKO
cells transfected with pcDNA-ING4 and/or
myc-liprin a1 expression plasmids were
subjected to the cell spreading assay. After
45 min of serum stimulation, the ratio of
cells with filopodia and/or lamellipodia
formation was calculated (Supplementary
Fig. S4). D, RKO cells transfected with
pcDNA-ING4 and/or myc-liprin a1
expression plasmids were used for a
modified Boyden chamber assay as
in (B ).

Figure 4. Down-regulation of ING4
enhances cell motility. A, the down-
regulation of ING4 by four different
siRNAs was detected by mouse
monoclonal anti-ING4 antibody. B, RKO
cells transfected with the four ING4
siRNAs for 72 h were starved and used
for the cell spreading assay. After 30 min
of serum stimulation, average cell surface
area was measured (Supplementary
Fig. S5). C, RKO cells transfected with the
four ING4 siRNAs for 72 h were used
for the cell spreading assay as in (A).
Quantitative data were presented as
percentage of cells with filopodia and/or
lamellipodia (Supplementary Fig. S5).
D, the modified Boyden chamber assay
was carried out by using RKO cells
transfected with ING4-siRNAs for 72 h.
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cells was significantly smaller than that of the control cells (Fig. 2A,
left ; Supplementary Fig. S2B). The ratio of cells that had filopodia
and/or lamellipodia over cells with GFP expression was calculated
and is referred to as the percentage of cell spreading. The results
showed that, 1 h after serum stimulation, ING4 significantly
delayed cell spreading by f4-fold relative to the vector control
(Fig. 3A, right ; Supplementary Fig. S2A). The mechanism by which
ING4 suppresses cell spreading may also assist in cell migration
regulation, particularly to the polarized protrusion membranes
during migration. Thus, we next did a modified Boyden chamber
assay to measure transmembrane cell migration by fluorescence
scoring. Overexpressed ING4 also significantly suppressed cell
migration (Fig. 3B). This result was further confirmed by the
in vitro scratch assay (Supplementary Fig. S3A and B and Supple-
mentary Video 1). Time-lapsed motion pictures that monitored cell
migration taken every 5 min over a 24-h period showed a marked
suppression of cell migration when ING4 was overexpressed in
RKO cells.

Next, we examined the effect of overexpressed liprin a1 on cell
motility. After 45 min of serum stimulation, overexpressed liprin a1
enhanced cell spreading (Fig. 3C ; Supplementary Fig. S4). Coex-
pression of ING4 with liprin a1 suppressed the cell spreading
enhanced by liprin a1 (Fig. 3C). Overexpression of liprin a1 also
induced cell migration, but this induction was suppressed by ING4
(Fig. 3D).
Effect of endogenous ING4 on cell motility. To understand the

role of endogenous ING4, we reduced endogenous ING4 by four
siRNAs. All four siRNAs reduced protein levels >50%, and siRNA-3
almost completely eliminated ING4 protein expression detected by
anti-ING4 antibody (Fig. 4A). For the spreading assay, F-actin in the
cells transfected with the siRNAs was stained after 30 min of serum
stimulation. Cells with control siRNA did not spread out much in
30 min, whereas the ING4 siRNA-transfected cells were swiftly
extending their membranes in the form of filopodia and/or
lamellipodia (Fig. 4B and C ; Supplementary Fig. S5). siRNA-3
showed statistical significance in results determined by either
scoring the percentage of cells with the formation of filopodia and/
or lamellipodia (Fig. 4B) or measuring the average cell surface area
(Fig. 4C) consistent with ING4 protein levels (Fig. 4A). Next, we did
the modified Boyden chamber assay. The result showed that siRNA
knockdown of ING4 also enhanced cell migration (Fig. 4D). Again,
siRNA-3 enhanced cell migration most effectively consistent with
the protein level (Fig. 4A).
Regulation of cell migration by ING4 and liprin A1. Two

siRNAs against liprin a1 (Lip-KD1 and Lip-KD2) significantly
decreased protein levels of liprin a1 in RKO cells and suppressed
cell spreading after 1 h of serum stimulation compared with
control vector (Fig. 5A ; Supplementary Fig. S6), but overexpressed
ING4 in the cells with liprin a1 knockdown (Fig. 5A, lanes Lip-
KD1+ING4 and Lip-KD2+ING4) did not further suppress cell
spreading. Next, we did a modified Boyden chamber cell migration
assay. As shown in Fig. 5B , knockdown of liprin a1 by siRNAs
suppressed cell migration; on the other hand, ING4 overexpression
in liprin a1 knockdown cells (Fig. 5B, lanes Lip-KD1+ING4 and Lip-
KD2+ING4) did not further confer migration suppression. We
summarize these results as the following: (a) liprin a1 positively
regulates cell spreading and migration; (b) ING4 counteracts the
positive influence of liprin a1 on spreading and migration; and (c)
in the absence of liprin a1 (or dissociation of the ING4-liprin a1
interaction), ING4 loses the specificity to suppress cell spreading
and migration.

Discussion

In addition to the previously reported nucleus-based functions,
we provided evidence of ING4 cytoplasmic functions. We show here
that ING4 binds to a cytoplasmic protein, liprin a1, and
translocated to lamellipodia where it is colocalized with liprin
a1, suggesting a dynamic change of ING4 subcellular localization
under some conditions. Liprin a1 was originally identified as a
binding protein of LAR-RPTP and was shown to be colocalized
with LAR at focal adhesions, where the location of liprin a1 is
proximal to the rear end of focal adhesion, which disassembles in
migration during membrane protrusion (20). ING4 interaction with
liprin a1 may explain the subcellular localization of ING4 being
proximal to the focal adhesion molecule vinculin. Although the
exact function of liprin a1 in the formation and disassembly of
focal adhesion is unknown, it has been suggested that liprin a1
may play a role in the regulation of focal adhesion disassembly.

Figure 5. Interaction of liprin a1 and ING4 on regulating cell motility. A,
endogenous liprin a1 in RKO cells transfected with control vector (Cont ) and two
siRNAs (Lip-KD1 and Lip-KD2 ) was detected by chicken liprin a1 antibody. RKO
cells transfected with the control vector, pcDNA-ING4, and the two liprin a1
siRNAs with/without ING4 for 72 h were used for the cell spreading assay. After
1 h of serum stimulation, the ratio of cells with filopodia and/or lamellipodia
was calculated. *, P < 0.0001, Student’s t test, compared with the control.
B, RKO cells transfected with the same vector and/or siRNAs used for (A ) were
subjected to a modified Boyden chamber assay. *, P < 0.002, Student’s t test,
compared with the control.
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Recent studies in axon guidance indicated that liprin a1 is required
for the trafficking of synaptic vesicles (21) and involved in the
development and maintenance of excitatory synapses (22). Thus,
liprin a1 could serve as a scaffold protein that is able to assemble
protein complexes in a transportation vehicle destined to the
presynapse. Interestingly, in our study, ING4 tends to cluster at the
perinuclear area or at lamellipodium in RKO, U-87 MG, and
HEK-293 cells, suggesting a transportation pathway from the
nucleus to lamellipodium. In addition, the physical interaction of
ING4 with COP1-h¶, another protein identified by the present
experiment, may further support this hypothesis.

Cell migration is a highly coordinated process involving multiple
components and steps that mirror the complexity of embryonic
morphogenesis (18). A migration movement begins with cell
polarization, which includes vesicle trafficking toward the leading
edge, followed by membrane protrusion and adhesion. At the
lagging end, adhesion disassembles to allow forward movement.
Although liprin a1 has not been specifically studied for its role in
the polarity of cell migration, its associated protein, GIT1, has been
shown to play a major role in the regulation of membrane
protrusive activity and cell migration (25). Here, we showed that
ING4 suppressed membrane protrusion by delaying actin poly-
merization in the spreading cells. This negative regulation of actin
polymerization may play a major role in suppressing cell migration.
By liprin a1 knockdown and ING4 overexpression simultaneously,
we found that liprin a1 was required for the capacity of ING4 to
suppress cell spreading and migration. These results suggest that
appropriate subcellular localization and/or proper protein-protein
interactions are critical for ING4 function in regulating the cell
motility. Liprin a1 may play an essential role in the trafficking of
ING4 to its destination and/or in assembling the required protein
complex for ING4 activities.

We and others have previously shown that liprin a1 and ING4
are expressed in both normal tissue and multiple cancer types (24).
Recently, ING4 was identified in a screening assay designed to
search for genes that suppress loss of contact inhibition among
cells. Ectopic expression of ING4 attenuated anchorage-indepen-
dent cell growth and suppressed loss-of-contact inhibition (16).
Garkavtsev et al. (15) reported that an interaction between ING4
and NF-nB plays an important role during angiogenesis. The
interaction between ING4 and liprin a1 may also participate in
endothelial cell migration and angiogenesis. In addition, develop-
ment and function of the mammary gland is impaired in

homozygous LAR-deficient mice (26). Thus, the interaction of
ING4 and liprin a1 may play a role during development. The role
of ING4 interaction with liprin a1 in normal cell migration (e.g.,
endothelial cells) and during development warrants further
investigation.

Previously, we reported that the endogenous ING4 expression
level was induced by serum starvation and reduced by serum
activation in normal fibroblast cells (24). This observation is
consistent with the present observation using siRNAs against ING4.
Therefore, endogenous ING4 seems to suppress cell migration in
normal cells, and the decreased ING4 expression in cancer cells
(8, 15) could lead to cancer cell migration and metastasis. In the
same report (24), we described four splice variants of ING4
(ING4_v1, ING4_v2, ING4_v3, and ING4_v4). In this report, we
focused on the initially described ING4, ING4_v1, because of its
strong binding affinity to liprin a1. Other splice variants have a
partially missing nuclear localization signal (deletion is between
amino acid 128 and amino acid 132) that corresponds to a flanking
region that is critical for binding with liprin a1 (amino acid 135
to amino acid 180) identified in this report. One of the four
splice variants, ING4_v4, showed dominant-negative effects on the
functions of ING4_v1. Therefore, ING4 may regulate multiple
cellular functions by changing its subcellular localization, binding
partners, and associations with the variants.

In summary, we have identified an ING4-associated protein,
liprin a1, which may function in directing ING4 to its cytoplasmic
destination where ING4 may function as a regulator of membrane
dynamics and, consequently, cell motility. These findings shed
a new light on our understanding of the biological role of the
candidate tumor suppressor, ING4, in addition to its documented
nuclear transcription regulation.
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