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Abstract
Integrins interact with extracellular matrix (ECM) and deliver
intracellular signaling for cell proliferation, survival, and
motility. During tumor metastasis, integrin-mediated cell
adhesion to and migration on the ECM proteins are required
for cancer cell survival and adaptation to the new microenvironment. Using stable isotope labeling by amino acids in cell
culture–mass spectrometry, we profiled the phosphoproteomic changes induced by the interactions of cell integrins with
type I collagen, the most common ECM substratum. IntegrinECM interactions modulate phosphorylation of 517 serine,
threonine, or tyrosine residues in 513 peptides, corresponding
to 357 proteins. Among these proteins, 33 key signaling
mediators with kinase or phosphatase activity were subjected
to small interfering RNA–based functional screening. Three
integrin-regulated kinases, DBF4, PAK2, and GRK6, were
identified for their critical role in cell adhesion and migration
possibly through their regulation of actin cytoskeleton
arrangement. Altogether, we not only depict an integrinmodulated phosphorylation network during cell-ECM protein
interactions but also reveal novel regulators for cell adhesion
and migration. [Cancer Res 2009;69(8):3713–20]

Introduction
Cell adhesion to the extracellular matrix (ECM) is critical for cell
survival and growth (1, 2). Cell attachment to, spreading on, and
movement along the ECM are integrin dependent (1, 2). Integrins
are a large family of transmembrane receptors consisting of two
heterodimeric, noncovalently linked a and h chains (3, 4). Eighteen
a chains and 8 h chains have been identified and different pairing
of a and h chains can yield more than 20 receptors that bind to
different ECM proteins, including collagen, fibronectin, and
laminin (1, 2, 4). Integrins bridge the cell to ECM at specialized
cell membrane structures called focal adhesions (4). Integrins play
indispensable roles in delivering extracellular signals across the cell
membrane into the cell interior through various kinases and
phosphatases, which modulate the phosphorylation status of their
targets (4–6). Moreover, integrins contribute to reorganization of
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cytoskeletal components (2, 7) and regulation of cell survival,
proliferation, differentiation, cell cycle, and migration (8, 9).
Understanding the mechanism by which integrins modulate these
cellular activities is of significant biological importance.
The most common cancers in human include breast cancer,
prostate cancer, lung cancer, colon cancer, and ovarian cancer
(10, 11), and their metastasis is the leading cause of mortality in
cancer patients, causing 90% of deaths from solid tumors (11, 12).
During the process of metastasis, tumor cells leave the primary
site, travel via blood and/or lymphatic circulatory systems, attach
to the substratum of ECM at a distant site, and establish a
secondary tumor, accompanied by angiogenesis of the newly
formed neoplasm (12). Two of the critical steps of metastasis are
adhesion and migration of the primary tumor cell on the ECM at
the distant site, and thus, integrin-mediated cell-ECM interactions
are essential for the cell to adapt to the new microenvironment
(3, 13). Integrin loss, overexpression, or mutations have been
indicated in the pathogenesis and development of benign and
malignant tumors (14, 15) and integrin-regulated signaling pathways significantly influence the survival, morphology, and migratory properties of tumor cells (3, 8). Conversely, intracellular signals
can also regulate the affinity of integrins for ECM molecules (16).
Therefore, blocking the key molecules in the integrin-modulated
signaling cascades represents a potential means to inhibit tumor
cell migration and adhesion to the new site, which could ultimately
reduce metastasis (17).
The most frequent site of metastasis for several common cancers
(breast, lung, and prostate cancers) is bone, where type I collagen is
the most abundant ECM protein and comprises >90% of the total
protein within bone (18). The most common cell surface receptors
for type I collagen are integrins a1h1 and a2h1 (19). Type I collagen
and collagen-derived fragments are chemotactic for bone metastatic prostate cancer cells (18) and other tumor cells (20). Studying
integrin-collagen I interactions should help reveal the integrindependent signaling mechanisms involved in cancer metastasis.
Here, we used the stable isotope labeling by amino acids in cell
culture–mass spectrometry (SILAC-MS) strategy to characterize
the integrin-modulated phosphoproteomic network (21, 22). We
identified 357 proteins with significant phosphorylation changes
during cell adhesion to, and spreading on, type I collagen. Of the
proteins identified, we were particularly interested in the kinases
and the phosphatases due to their regulatory roles in signaling. By
small interfering RNA (siRNA)–based functional screening, we
revealed the critical roles of three kinases in cell adhesion and
motility. Essentially, this integrin phosphoproteome data substantially expand our knowledge of intracellular molecules regulated by
integrin-ECM interactions, as well as provide information that may
lead to the discovery of potential therapeutic targets for preventing
cancer metastasis.
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Materials and Methods
Wound-healing assay. Scratch wound-healing assays were performed
in 24-well tissue culture plates. Cells at 30% to 40% confluence were
transfected with siRNA to knock down protein expression, if applicable.
After 24 h (cell confluence reached f70%), scratches were made using
1 mL pipette tips and the wells were washed twice with medium. Cells were
allowed to grow for additional 48 h and then fixed in 3.7% paraformaldehyde and stained with 1% crystal violet in 2% ethanol. Photographs were
taken on a Zeiss Axiovert 100 TV inverted microscope. Gap distance of the
wound was measured using Photoshop software, and the data were
normalized to the average of the control. When samples were compared
with the control cells, differences were considered significant if P < 0.01.
Cell migration assay. Cell migration assays were performed using
Transwell chambers (24-well, 8-Am pore size; Corning, Inc.). DMEM
containing 40 Ag/mL type I collagen and 0.5% serum was used as attractant
in the lower chamber. About 1  105 cells in DMEM containing 0.5% serum
were added to the upper compartment of the insert and allowed to migrate
toward the underside of the insert filter at 37jC for 4 h (HeLa cells) or
2.5 h (PC3 and MB231 cells). Cells that did not migrate through the pores
were gently removed with a cotton swab. Cells on the lower side of the
insert filter were fixed by 5% glutaraldehyde and stained with 1% crystal
violet in 2% ethanol. Numbers of cells on the underside of the filter from five
randomly selected microscopic views were counted.
Cell adhesion assay. For cell-substratum adhesion assays, 96-well tissue
culture plates were coated with 40 Ag/mL type I collagen in PBS at 4jC
for 12 h, air dried, and rinsed once with PBS. After being serum deprived
at 37jC for 8 h, cells were detached with 10 mmol/L EDTA in DMEM,
washed twice with DMEM, and plated in quadruplicate onto the collagencoated wells in serum-free DMEM containing 0.1% BSA at 2  104 per
well. Cells in three wells of the quadruplicate were allowed to adhere to
the collagen I–coated surface for 20 min, followed by four intensive
washes with DMEM to remove nonadherent cells, and then incubated in
5 Ag/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT; Sigma-Aldrich) in complete medium at 37jC for 1 h. One of the
quadruplicate wells was used for a cell number standard. Serum was
added into this well to yield complete medium, and the cells therein were
grown for 4 h for complete adhesion to the plates before addition of MTT
for an additional 1 h. Next, MTT-treated cells were lysed in DMSO and
absorbance was measured on a Beckman DU-600 spectrophotometer at
560 nm with background subtraction at 680 nm. Values for the triplicate
wells were divided by the corresponding cell number standard value to
yield relative A 560, which were subsequently normalized to the average of
the control for comparison purposes.
SILAC sample preparation and liquid chromatography/liquid
chromatography-MS/MS analysis. HeLa cells were grown in ‘‘heavy’’ or
‘‘light’’ medium for at least six generations (>15 d). Cells were grown to
f90% confluence in 15-cm tissue culture dishes and serum starved
overnight in the respective medium. The cells were detached with
10 mmol/L EDTA in serum-free medium for 10 min at 37jC, centrifuged,
and washed once with medium to remove the EDTA. The cells were then
resuspended in respective serum-free medium, immediately plated on the
collagen-coated plates, and incubated at 37jC for the indicated times. At
the end of the incubation, the cells were washed twice with ice-cold PBS
and scraped into extraction buffer A (Clontech) containing protease
inhibitor cocktail (Roche) and Halt phosphatase inhibitor cocktail (Pierce).
After incubation on ice for 10 min, the samples were centrifuged to remove
cell debris and the supernatants for each time point were pooled and mixed
as follows: the heavy supernatant from two plates of HeLa cells collected at
time 0 was mixed 1:1 (w/w) with the light supernatant collected at 12 min to
yield sample I; similarly, the light supernatant (two plates of cells) harvested
at 12 min was mixed with the heavy supernatant at 30 min in equal ratio to
create sample II; and sample III contains the heavy supernatant at time
30 min and the light supernatant at 120 min.
A total of 13 mg proteins in sample I, II, or III were loaded onto one
phosphoprotein metal affinity chromatography resin columns (Clontech).
The purified phosphoproteins were then subjected to trypsin (sequencing
grade; Promega) digestion at enzyme to substrate ratio of 1:60 at 37jC

Figure 1. Experimental design for phosphoproteomic analysis
of integrin signaling. Flowchart of sample preparation for
SILAC-MS profiling. Cells were grown in medium containing
either heavy (red) or light (blue ) L-lysine and L-arginine.
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Figure 2. MS data analyses of integrin phosphoproteomics. A, MS experiment was designed based on the morphologic changes of HeLa cells during adhesion to
and spreading on type I collagen–coated surface. Cells expressing green fluorescent protein–actin fusion protein (green ) were fixed at the indicated times and
stained with TO-PRO-3 iodide (red ) for nuclei. B, phosphorylation status of S141 of PAK2 during the three indicated time points in chromatogram and in Western blot.
AR is the ratio of the light peak area (blue ) over the heavy peak area (red) in chromatogram. The phosphorylation of PAK2 at Ser141 is detected by antibody
against pS141-PAK2 in Western blot. C, categorization of proteins according to biological activity. One protein may be involved in multiple activities.

overnight. Digested peptides were loaded onto IMAC spin columns
(Phosphopeptide Isolation kit, Pierce) for the purification of phosphopeptides. Purified phosphopeptide samples were centrifuged to remove any
particulate matter and then were analyzed by liquid chromatography
(LC)/LC-MS/MS using an online high-performance liquid chromatography
system (Nano LC-2D, Eksigent) coupled with a hybrid LTQ Orbitrap mass
spectrometer (Thermo Electron). The LC/LC and MS/MS were performed
as previously described (23). Acquired MS/MS spectra were subjected to
SEQUEST searches against the EBI-IPI human database (version 3.23;
released 11-02-2006) attached with common contaminants (e.g., proteases
and keratins) with its reverse decoy for the assessment of false-positive
rates. Phosphorylation searches were performed where serine, threonine,
and tyrosine were allowed to be differentially modified as previously
described (23). The SEQUEST identifications were additionally filtered
using a false-positive cutoff by the DTASelect program based on XCorr
and DeltaCN scores using a reversed database approach (24). All identified
phosphopeptides were subjected to relative quantification analysis using
the program Census (21). The Census program quantifies relative
abundances of light and heavy versions of precursor peptides identified
by MS2 spectra. The Debunker algorithm (25) was used to validate the
phosphopeptide identifications. Detailed descriptions are provided in
Supplementary Materials and Methods.

Results
Morphologic changes of cells on adhering to and spreading
on collagen I. For profiling the integrin-mediated phosphopro-

www.aacrjournals.org

teomic changes during the process of cell adhering to and
spreading on type I collagen, we observed that, in 12 minutes,
>95% of cells originally in suspension adhered to and started to
spread on the collagen I–coated plates. By 30 minutes, more than
85% to 95% of the cells were fully stretched out and these cells
clearly stopped spreading after 120 minutes in contact with
collagen I. Thus, we chose 0 to 12 minutes (phase I), 12 to
30 minutes (phase II), and 30 to 120 minutes (phase III) after
integrin receptor interaction with type I collagen as the three time
periods (Figs. 1 and 2A) and profiled the phosphorylation changes
in cellular proteins during these periods using SILAC-MudPIT
(multidimensional LC coupled with tandem MS; refs. 6, 21, 24).
Cells that had been allowed to attach to, and spread on, the
substratum for the indicated time periods were harvested and
subjected to further enrichment and analysis (Fig. 1; Supplementary Materials and Methods).
MS results, validation, and analyses. We identified 1,763,
1,894, and 2,044 phosphorylation sites (pS + pT + pY) in the 0- to
12-minute (I), 12- to 30-minute (II), and 30- to 120-minute (III)
samples, corresponding to 1,726, 1,877, and 2,035 phosphopeptides
or 889, 945, and 1,034 phosphoproteins, respectively. Of these, 762
phosphopeptides were common in all three samples, meaning that
the phosphorylation status of these peptides was tracked
throughout the process of cell adhesion and spreading (Supplementary Table S1). These phosphopeptide identifications were
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validated using the Debunker algorithm (25) that computed a
phosphorylation probability score for each identified peptide
(Supplementary Table S1). To quantify the phosphorylation change
for each phosphopeptide, we used the Census software to calculate
area ratio (AR; ref. 21), defined as the ratio of the light peak area
over the heavy peak area in chromatogram (exampled in Fig. 2B).
The Census software also calculated an R-square statistic for each
AR measurement (Supplementary Table S1), indicating how good
the heavy and light peptide chromatograms fit with each other.
When we set AR threshold to be 1.4 (or 0.71 = 1/1.4; ref. 26), 249
peptides show no significant change in phosphorylation (0.71 <
AR < 1.4), whereas phosphorylation of the rest 513 peptides was
either up-regulated, down-regulated, or both during the three time
points, suggesting that integrin-modulated intracellular phosphoproteomic changes occurred in a time-dependent manner and
were well orchestrated. To validate the data, we examined the
phosphorylation status of S141 of PAK2 using immunoblotting
assay, and the results were consistent with the observation from
MS chromatograph (Fig. 2B).
The 513 phosphopeptides that underwent significant phosphorylation modification were assigned to 357 proteins, for which we
categorized into 12 activity groups excluding 55 proteins without

Figure 3. Screening integrin-regulated kinases and phosphatases for their roles
in cell motility. A, indicated integrin-regulated proteins were depleted in HeLa
cells using siRNA followed by wound-healing assay. Top, samples were fixed
and stained with crystal violet. The wound gap values were normalized to the
average of the control that was treated with control siRNA, the relative gap
distance of which was taken as 1. Columns, average of six measurements from
three different microscopic views; bars, SD. The experiment was repeated
twice. *, P < 0.01, compared with the control. B, a summary of the wound-healing
ability of cells deficient in the indicated kinases and phosphatases.
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known function (Fig. 2C). Fifty-four proteins showed cytoskeletonrelated activity, which is not surprising because cytoskeleton
reorganization is a key intracellular activity during cell attachment,
spreading, and migration. Fifty-two proteins are transcriptionrelated regulators, suggesting that integrin-collagen interaction
triggered gene expression, possibly for cell survival and growth. In
addition, we detected 33 proteins with kinase or phosphatase
activities (Fig. 2C). As kinases and phosphatases are key mediators
for signaling, these enzymes should be critical for the integrinmodulated signaling and the consequent biological functions.
Identification of signaling mediators critical for cell
adhesion and migration. Integrin-dependent signaling pathways
are critical not only for cell survival and proliferation but also for
cell attachment and motility, which are directly linked to tumor
metastasis and invasion (2, 17). As kinases and phosphatases are
critical signaling mediators, we suspected that these 33 newly
identified integrin-regulated kinases and phosphastases might have
a role in modulating cell motility. We found that depleting nine of
them significantly slowed down the rate of wound healing of cells
by >30% (relative gap distance, >1.3; Fig. 3A and B) compared with
the cells that were treated with control siRNA.
Prostate and breast cancers are the main malignant cancers in
male and female patients (10). The tumor cells of these cancers
preferably metastasize to the bone, where type I collagen account
for 90% of the total protein (18). Interactions between the tumor
cells and the bone ECM proteins, mainly collagen I, can be a
prerequisite for the cells to survive in the new microenvironment
(20). Therefore, we further examined the role of the abovementioned kinases and phosphatases in cell migration in prostate,
breast, and cervical cancer cells by Transwell assays using type I
collagen as attractant. The depletion of DBF4, GRK6, PAK2, or FAK/
PTK2 by siRNA method significantly retarded cell movement (2- to
3-fold) across the Transwell membrane (Fig. 4), whereas knockdown of CSNK1D, MAP3K7, MASTL, or MTMR2 did not or only
slightly slowed down cell motility (data not shown). In addition,
depleting DBF4, PAK2, and GRK6 kinases in these cell lines also
reduced cell attachment to the collagen I–coated surface (Fig. 5A
and B), implying that the integrin-collagen I interactions at cell
surface were affected by knocking down these proteins. We
obtained similar results from cell migration and adhesion experiments when using at least two distinct siRNA duplexes for
depleting these kinases (Supplementary Fig. S1A and B).
To examine the function of integrin-regulated phosphorylation
sites in these kinases, we expressed wild-type (WT) or mutant
forms of the three kinases in HeLa cells. Expressing mutant forms
of DBF4, PAK2, and GRK6, in which the serine or threonine
residues were substituted with alanine, not only slowed cell
migration (Supplementary Fig. S1C) but also inhibited cell
adhesion to collagen I substratum (Fig. 5C) compared with those
of their respective WT forms. In contrast, substituting the same
serine or threonine residues with aspartate or glutamate increased
cell migration and adhesion. Taken together, these data confirmed
that integrin-dependent phosphorylation of kinases DBF4, PAK2,
and GRK6 plays a critical role in cancer cell adhesion and
migration.
Novel integrin-regulated kinases are involved in actin
cytoskeleton organization. Cell adhesion and migration require
dynamic interactions not only between the ECM and the cell
surface molecules (e.g., integrin receptors) but also between the
surface molecules and cytoskeleton components (4, 7). Many
cellular proteins are implicated in controlling cell polarity, shape,
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Figure 4. Novel integrin-regulated kinases are critical for cell
migration. The prostate (PC3), breast (MB231), and cervical
(HeLa) cancer cells were depleted of the indicated proteins by
siRNA and subsequently were examined for cell motility using
Transwell experiments. Columns, average cell number from
five different microscopic views; bars, SD. *, P < 0.01,
compared with the control.

and motility through their regulation of cytoskeletal organization.
We suspected that integrin-regulated proteins critical for cell
migration, such as DBF4, PAK2, and GRK6, may also be involved in
actin cytoskeleton arrangement. To test this hypothesis, we
depleted these proteins individually in cells followed by actin
staining using phalloidin. Compared with the control, cells with
DBF4 knockdown were more elongated; the actin stress fibers were
sparse and largely perturbed (Fig. 6). GRK6-depleted cells were
smaller than the control cells and had a more circular/oval-like
shape and rounded edges. The central stress fibers were still
maintained in these cells, yet more actin was reorganized into
cortical bundles. We also noticed that many of the GRK6
knockdown cells contained polymorphonuclear-like nuclei and
have bigger gaps between cell-cell boundaries (Fig. 6). The PAK2
knockdown cells were also smaller, indicating that these cells did
not spread as well as the control cells. In addition, much less actin
network was observed in these cells, and the actin fibers were
thinner (Fig. 6). These observations suggest that knockdown of
these integrin-regulated kinases altered the assembly and/or
organization of actin cytoskeleton within the cells, which may
account for the attenuated attachment and migration of these cells.
Integrin-regulated molecules and human cancer. Integrindependent signaling pathways not only transmit survival and
growth signals but also augment the tumorigenic and metastatic
potential of the cancer cells (3). Therefore, molecules identified in
the integrin-modulated phosphoproteome may contribute directly
or indirectly for tumorigenesis and metastasis. We analyzed the
potential correlations between these molecules and known cancer
occurrence by checking each integrin-modulated protein against
the Swiss-Prot database, Cancer Gene Census (27), and available
publications. Proteins in which mutation, deletion, and/or overexpression were detected in tumors were considered cancer

www.aacrjournals.org

related. We determined that 68 of the 357 integrin-regulated
proteins correlated with different types of human cancers
(Supplementary Table S2). For example, RB1 (28) and BRAF (29)
are well-known cancer-related genes and mutations in these
genes have been found in breast, lung, prostate, lung, ovary, and
other cancers. This database not only provides important
information about the possible mechanisms by which human
cancer cells take control of the components in integrin signaling
network to boost their malignancy such as uncontrolled
proliferation and metastatic potential but also offers possible
targets for therapeutic intervention to stop or slow down the
growth and spread of human cancer.

Discussion
Integrins and the molecules they regulate have long been the
targets of numerous studies directed at understanding tumor
pathogenesis, especially the mechanisms involved in ECM-dependent tumor cell survival and metastasis (17). In addition, reversible
phosphorylation of serine, threonine, and tyrosine residues is a
crucial means of regulating signaling pathways in mammalian cells
(6, 30). For these reasons, integrin-modulated signaling by
phosphorylation inevitably attracts general interest. Traditional
biochemical and genetic analyses can only focus on one or a few
proteins in integrin signaling at a time, thereby giving us a very
limited view of the signaling network of integrins. The rapid
advances in analytic technology, such as MS, combined with
genome databases, make studying many molecules simultaneously
readily possible (6, 30, 31). Our strategy described here incorporates
the above-mentioned considerations, thereby providing a platform
to observe and investigate integrin-modulated cellular signaling in
a macroscopic view.
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We used network modeling with the Ingenuity software (32) to
evaluate the interactions of DBF4, GRK6, or PAK2 with other
integrin-regulated kinases and phosphatases. PAK2 has been
reported to induce cell retraction and cytoskeletal rearrangements
(33). Our modeling results showed that PAK2 interacts with a
variety of molecules, including the nonreceptor tyrosine kinase
ABL1, which regulates cell adhesion, morphogenesis, and motility
(34), and the Rho family GTPase Cdc42, which regulates
cytoskeletal rearrangements to form actin-rich filopodia during
cell spreading (Supplementary Fig. S2A; ref. 35). In supporting our
observations, Coniglio and colleagues (36) reported recently that
PAK2 was needed to generate new focal adhesions and to limit
the sizes of focal adhesions. They showed that PAK2 inhibited
phosphorylation of myosin light chain, partially through downregulating RhoA, and blocking RhoA-mediated signaling restored
invasion in PAK2-depleted tumor cells. Moreover, Koh and
colleagues (37) showed that PAK2 acted downstream of Cdc42,
Rac1, and protein kinase C isoforms to regulate endothelial cell

Figure 5. Novel integrin-regulated kinases are critical for cell adhesion.
A, real-time quantitative PCR was used to monitor the levels of mRNA for the
indicated proteins before (normalized to be 1) and after siRNA treatment in HeLa
cells. Columns, average of three experiments; bars, SD. B, siRNA-treated
cells were tested for adhesion ability to the surfaces that were coated with type I
collagen. Columns, average of three experiments, each done in triplicate;
bars, SD. KD, knockdown. *, P < 0.01, compared with the group that was treated
with control siRNA, the relative A 560 of which was taken as 1. C, HeLa cells that
express either WT or indicated mutant forms of DBF4, PAK2, or GRK6 proteins
were examined for their adhesion ability to collagen I–coated surfaces.
Columns, average of two experiments, each done in triplicate; bars, SD.
*, P < 0.01; **, P < 0.05, compared with the WT groups.
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lumen and tube formation as well as endothelial cell invasion in
three-dimensional collagen matrices. Together, above evidence may
explain the mechanism by which PAK2 modulates cell adhesion
and motility.
GRK6 belongs to the seven-member G protein–coupled receptor
kinase family (GRK; ref. 38). GRKs mediate phosphorylationdependent desensitization of the G protein–coupled receptors
(GPCR), although emerging evidence shows that the substrates of
GRKs are far beyond the GPCRs (39). GRK6 has been found to
participate in the regulation of chemotaxis of T/B cells and
neutrophils (40, 41). Here, we showed that GRK6 contributed to the
adhesion and motility of several cancer cell lines. Although the
mechanism used by GRK6 remains to be elucidated, by modeling
we discovered several cellular proteins that may contribute to the
effect of GRK6 on cell adhesion and migration (Supplementary
Fig. S2B). For example, GRK6 interacts with the GRK-interacting
protein (GIT1) that serves as an integrator and provides a scaffold
for the signaling molecules to control cell adhesion and
cytoskeleton organization (42). In addition, GRK6 may act through
second messengers, such as cyclic AMP (39) or calmodulin (43), or
indirectly transactivate epidermal growth factor receptor (EGFR),
in turn affecting cancer cell migration and invasion.
DBF4 is the crucial regulatory subunit of the S-phase kinase DDK
that, together with the catalytic subunit CDC7, controls
S-phase progression by promoting assembly of the Cdc45-MCM
complex for DNA replication (44). DBF4 mRNA is expressed at high
levels in many cancer cell lines (45). Here, we found that DBF4
contributed to cell adhesion and motility of several cancer cells, yet
these results were somewhat unexpected because DBF4 is found
mainly in nucleus. Possibly for this same reason, the modeling
program did not yield a plausible mechanism for DBF4 to directly
regulate cell adhesion/migration activities (Supplementary
Fig. S2C). However, previous studies showed that DBF4, through
its COOH terminus, interacts with metastasis inhibition factor
NM23 (46) as well as with the myosin chain 9 (MYH9) that
contributes to cytokinesis and cell shape regulation (47). Thus,
DBF4 may regulate integrin-mediated cell adherence/motility
through NM23 and MYH9. Further functional studies are needed
to elucidate this idea.
Because PAK2, GRK6, and DBF4 may carry out their biological
functions through other cellular proteins, we sought the correlations
between the 357 MS-identified integrin-regulated proteins that had
significant phosphorylation changes using the Ingenuity modeling
software (32). When no additional linkage molecule (zero node) was
applied, the program yielded a complex network of 165 paths, in
which 96 of those 357 molecules directly or indirectly regulate or are
being regulated by the activities of others (Supplementary Fig. S2D).
Several proteins, including PRKCD (48), CDC2 (49), EGFR (50), and
RB1 (28), appear at the ‘‘junctions’’ of multiple axes, confirming the
vital contributions of these proteins to cell growth and motility.
Interestingly, PAK2, DBF4, and GRK6 were suggested to be directly or
indirectly correlated with one or more of these significant molecules.
For example, GRK6 interacts with GIT1 and indirectly regulates
EGFR, and PAK2 and DBF4 may have indirect regulations on RB1.
Furthermore, when one node was available for any two molecules,
the program projected a very complex interaction network (12,652
paths) with many more integrin-regulated proteins involved (data
not shown). Our modeling data suggest that integrin-ECM
interactions during cell adhesion and spreading can trigger a very
complex and interactive signaling network. Clearly, further studies
are needed to explore the correlations of these molecules and their
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Figure 6. Integrin-regulated kinases DBF4, GRK6, and PAK2
are involved in actin cytoskeleton organization. HeLa cells
seeded on collagen I–coated coverslips were transfected with
siRNA to knock down the indicated kinases. The cells were
stained with Oregon Green 488–phalloidin (green ) for
visualization of the actin cytoskeleton. Blue, nuclei were
costained with 4¶,6-diamidino-2-phenylindole. Photographs
were taken with a 60 objective lens on a Bio-Rad MRC-2100
confocal microscope. Zoom, 3 magnified. Differential
interference contrast (DIC ) photos were used to monitor cell
integrity and outline. Scale bar, 20 Am.

potential roles in regulating integrin-mediated physiologic and
pathologic cellular functions.
Collectively, results from our study provide insight into the still
ill-defined integrin-modulated signaling network as well as provide
data on the integrin-dependent phosphoproteome to tackle the
complexity of this regulatory mechanism. Dysfunction of integrin
signaling pathways contributes to tumor proliferation, invasion,
and metastasis (16). Therefore, the novel signaling mediators
identified by integrin phosphoproteomic profiling herein should
represent potential targets for pharmacologic intervention to
prevent tumor growth and spread to distal sites.
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