ARCHIVAL REPORT

Focal Adhesion Dynamics Are Altered

in Schizophrenia

Yongjun Fan, Greger Abrahamsen, Richard Mills, Claudia C. Calderén, Jing Yang Tee,
Lisette Leyton, Wayne Murrell, Justin Cooper-White, John J. McGrath, and Alan Mackay-Sim

Background: Evidence from genetic association studies implicate genes involved in neural migration associated with schizophrenia
risk. Neural stem/progenitor cell cultures (neurosphere-derived cells) from olfactory mucosa of schizophrenia patients have significantly
dysregulated expression of genes in focal adhesion kinase (FAK) signaling, a key pathway regulating cell adhesion and migration. The
aim of this study was to investigate whether olfactory neurosphere-derived cells from schizophrenia patients have altered cell adhesion,
cell motility, and focal adhesion dynamics.

Methods: Olfactory neurosphere-derived cells from nine male schizophrenia patients and nine male healthy control subjects were
used. Cells were assayed for cell adhesion and cell motility and analyzed for integrins and FAK proteins. Focal adhesions were counted
and measured in fixed cells, and time-lapse imaging was used to assess cell motility and focal adhesion dynamics.

Results: Patient-derived cells were less adhesive and more motile than cells derived from healthy control subjects, and their motility
was reduced to control cell levels by integrin-blocking antibodies and by inhibition of FAK. Vinculin-stained focal adhesion complexes
were significantly smaller and fewer in patient cells. Time-lapse imaging of cells expressing FAK tagged with green fluorescent protein
revealed that the disassembly of focal adhesions was significantly faster in patient cells.

Conclusions: The evidence for altered motility and focal adhesion dynamics in patient-derived cells is consistent with dysregulated
gene expression in the FAK signaling pathway in these cells. Alterations in cell adhesion dynamics and cell motility could bias the

trajectory of brain development in schizophrenia.
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thickness (1) and reductions in volume in several brain

regions preceding the onset of the full clinical disorder (2).
At the cellular level, postmortem studies have identified differ-
ences in the densities of neurons in the brains of schizophrenia
patients compared with control subjects, such as increased
numbers or densities of interstitial white matter neurons and
reductions in interneurons in various cortical regions (3-9). It is
suggested that neural migration is altered during brain develop-
ment in schizophrenia (3,5), consistent with reduced reelin
expression in the brain of schizophrenia patients (10). Genetic
studies implicate genes involved in cell migration in schizophrenia;
for example, well-described findings related to DISCT (disrupted in
schizophrenia 1), RELN (reelin), and NRGT (neuregulin) converge on

P atients with schizophrenia have slight reductions in cortical
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mechanisms related to neuronal migration during brain develop-
ment (4,11-13). Cell migration requires appropriate cell adhesion.
Genome-wide association studies identified cell adhesion path-
ways to be over-represented among common single nucleotide
polymorphisms in cases compared with control subjects (14,15). In
vitro studies of patient-derived fibroblasts and olfactory mucosa
biopsies showed reduced adhesion in schizophrenia (16-19).
Collectively, these observations provide convergent evidence that
cell adhesion pathways are potential contributors to altered
neurodevelopment in schizophrenia, but understanding the cel-
lular and molecular mechanisms that link genetics with functional
deficits requires appropriate patient-derived cells.

The olfactory mucosa is accessible by biopsy in humans (20). It
contains multipotent stem cells (21) and is capable of continuing
neurogenesis of sensory neurons throughout adult life (22,23).
Impaired olfactory identification is associated with schizophrenia
(24). Therefore, as a regenerating neural tissue, the olfactory
mucosa provides a relevant source of cells for investigating
neurodevelopmental mechanisms of schizophrenia. This was
demonstrated in patient-derived olfactory mucosa cultures show-
ing more cell proliferation (18,19) and in patient-derived post-
mortem samples of olfactory epithelium showing histological
signs of altered neurogenesis (25). We developed a novel cell
model on the basis of neural stem cells from olfactory mucosa
biopsy from patients and healthy control subjects (“olfactory
neurosphere-derived” [ONS] cells) (26,27). Cell proliferation was
increased in these cells; they had a 2-hour shorter cell cycle; and
cyclin D1 protein levels were elevated, indicating that there was
dysregulation of the cell cycle (28). These patient-control differ-
ences were reflected in the prior analysis of gene expression in
these cells that indicated significant dysregulation in expression
of genes involved in G1/S phase checkpoint control (26). Among
the 1700 genes that were differentially expressed in patient cells,
there was a convergence of significantly altered gene expression
in developmental pathways associated with cell adhesion, axon
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growth, and cell migration, including a large number in the
“integrin adhesome” (29). Central to these related cell functions is
the focal adhesion kinase (FAK) signaling pathway in which 33
genes were differentially expressed in patient cells (26). FAK
signaling regulates the formation of focal adhesions (holding the
cell onto the extracellular matrix) and the formation of actin
stress fibers (providing the internal tension to drive cell morphol-
ogy and migration). Focal adhesion complexes are large protein
aggregates consisting of multiple structural and signaling com-
ponents (30). These complexes are formed via integrin engage-
ment, which link the intracellular cytoskeleton to the extracellular
matrix, allowing the cells to integrate and respond to extrac-
ellular stimuli to adhere to the substrate and migrate through it
(31). During brain development, cell migration requires adhesion
to the extracellular matrix via integrins (32,33). The integrins are
the cell membrane receptors for the extracellular matrix proteins.
Two integrin genes (ITGA8, ITGA3) were among the focal
adhesion signaling genes whose expression was altered in
patient-derived cells compared with cells derived from healthy
control subjects (26). It is notable that gene expression profiling
of induced pluripotent cells derived from patient and control
fibroblasts also identified cell adhesion as one of the dysregu-
lated pathways in cells derived from schizophrenia patients (34).
The aim of this study was to investigate whether ONS cells from
schizophrenia patients have altered cell adhesion, cell motility,
and focal adhesion dynamics.

Methods and Materials

Full details are provided in Supplement 1.

Table 1. Participant Details
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Cell Lines

The patient and control cells used here are those previously
reported (26,28). Olfactory mucosa biopsies (18) were taken from
nine male subjects with schizophrenia and nine healthy, age-
matched control male subjects. Case-control status was deter-
mined with the Diagnostic Interview for Psychosis (35) according
to criteria from the DSM-IV (36). Participant information is in
Table 1. Biopsies were obtained with the written informed
consent of the subjects, and the procedures were carried out in
accordance with the ethics committees of The Park Centre for
Mental Health and Griffith University, according to guidelines of
the National Health and Medical Research Council of Australia.

Cell Culture

Olfactory neurosphere-derived cells derived from patients
with schizophrenia are referred to as “Patient” cells. Cells derived
from healthy control subjects are referred to as “Control” cells.
Frozen aliquots of Patient and Control cells were thawed and
grown as described previously (26). All assays were done with
cells cultured for similar periods after nasal biopsy (between 5
and 8 passages from the initial plating). The ONS cells derived
from patients and control subjects have similar morphologies,
with similar proportions of cells expressing the different antigens
representative of markers for bone marrow stromal cells, neural
stem cells, neurons, and glia (Table S1 in Supplement 1) (26).

Protein Analysis

The proportion of cells immuno-stained with anti-integrin 1
and anti-integrin o3 were quantified with flow cytometry. Protein
extracts from cell lysates were analyzed with enzyme-linked

Cell Line ID Age  Sex Medication CPE Cigarettes/Day
Control Subjects
10002001 31 Male
10002002 47  Male 10
10002003 28 Male
10003001 17  Male
10003002 24 Male
10003003 32 Male
10003004 46  Male
10003005 56 Male
10003006 45 Male 5
Patients
30002001 46 Male Clozapine: 250 mg/day 333 25
Omeprazole magnesium: 20 mg/day
30002002 58 Male Olanzapine: 7.5 mg/day 250
Benztropine: 1 mg/day
Diclofenac sodium: 100 mg/day
30002003 21 Male Quetiapine: 800 mg/day 1194 15
Paroxetine: 40 mg/day
30002004 33  Male Risperidone: 4 mg/day 267
30002005 49 Male Clozapine: 350 mg/day 467
30002006 27 Male Olanzapine: 16 mg/day 533 30
30002007 44  Male Clozapine: 475 mg/day 633 20
Lithium Carbonate: 1250 mg/day
Atenolol: 75 mg/day
Aspirin: Dose unknown
30002008 28 Male Flupenthixol decanoate: 200 mg/month 500 10
30002009 38 Male Risperidone: Dose unknown unknown 60

Chlorpromazine equivalent (CPE) medication dose, calculated according to Davis (41). Data from

Matigian et al. (26).
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immunosorbent assay kits according to the manufacturer’s
instructions: FAK (STAR FAK ELISA Kit; Millipore Catalog number
17-479 [Millipore, Billerica, Massachusetts]; measured in nano-
grams/milligram protein) and phosphorylated focal adhesion
kinase (pFAK) (Y397-pFAK; STAR pFAK ELISA Kit; Millipore Catalog
number 17-480; measured in units/milligram [U/mg] protein).

Cell Adhesion

Cells were seeded on fibronectin-coated wells and allowed to
attach for 2 hours; then unattached cells were washed off, and
attached cells were quantified by DNA content. Relative attach-
ment of cells was obtained by normalizing to the control
group mean.

Cell Migration-Barrier Assay

Cells were seeded within a ring-device in fibronectin-coated
plates and allowed to attach for 4 hours to obtain a confluent
monolayer, after which the device was removed and the non-
adherent cells were washed off. The cells were then allowed to
migrate away from the central region for 72 hours. After fixation
cell nuclei were counted with Image J software (37) and the
proportion of cells migrating from the central region was
calculated. Because Patient and Control cells have differential
rates of cell proliferation (28), which would affect cell numbers, cell
proliferation was prevented by adding 5-fluorouracil (10 pg/mL)
to the medium. A control experiment was performed without
5-fluoruracil in the medium.

Cell Migration-Microfluidics Assay

Cell migration was investigated with a microfluidic assay in a
multichannel migration device that allows reproducible and easy
quantification of cell motility (37). The device consists of a main
chamber with 200-um-wide migration channels protruding per-
pendicularly from it. Cell proliferation was prevented by synchro-
nizing cell cycles in G1 before the assay (28). Synchronized cells
were seeded for 4 hours in the fibronectin-coated main chamber
to establish a confluent monolayer, after which non-adherent
cells were washed away, and the migration channels were
backfilled with media to break the fluid meniscus that otherwise
prevents medium from flowing from the main chamber into the
migration channels. Images were taken at 0 and 20 hours, and
the furthest distance travelled by the cells was measured in each
microchannel with Image J software (37). FAK phosphorylation
was inhibited with FAK Inhibitor 14 (FAK In14). In pilot studies, 3
umol/L FAK In14 was nontoxic to the cells and blocked migration
(Figure S1 in Supplement 1). The activity of FAK In14 was
confirmed by Western analysis of protein samples of treated
and untreated cells (Figure S2 in Supplement 1). Integrin activity
was reduced by pre-incubating cells for 1 hour with antibodies
against integrin a3, integrin o8, and integrin 1. The FAK In14
and blocking antibodies were present in the medium before
seeding and throughout the assay period.

Quantitative Microscopy for Cell Tracking and Focal
Adhesion Complex Dynamics

Cells were transiently transfected with plasmid encoding
green fluorescent protein (GFP)-FAK (kindly donated by Mike
Schaller) (38). After transfection, cells were grown for 24 hours
and then visualized in a confocal microscope, and motility was
quantified in time-lapse videos by tracking the coordinates of the
center of the nucleus in each frame at intervals of 10 min for 48
hours. The disassembly period of individual focal adhesions was
calculated from time-lapse images of GFP-FAK cells, acquired
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every 1 min for 90 min at 37°C at 400x magnification. Focal
adhesion disassembly was visualized and quantified manually as
the loss of fluorescence of each individual, fully formed structure.
Focal adhesions start as focal points that elongate slowly over
time. They are found at both ends of actin stress fibers from cell
periphery to the perinuclear region. They are considered focal
adhesions when they meet the following criteria: area (1-10
pmz), shape (elongated), and location (cell periphery or perinu-
clear) (30). Focal adhesion disassembly was determined from the
time elapsed between those frames in which a fully formed focal
adhesion, which stopped growing, was observed to disappear.
Thus, if a focal adhesion stopped growing at frame number 30
and disappeared at frame number 60, then the focal adhesion
took 30 min to disassemble. Sequential video images were
processed with Imaris software (Bitplane, Zurich, Switzerland)
[see also Goetz et al. (39)].

Quantification of the Number and Size of Focal Adhesions
Cells were grown for 24 hours, and immunofluorescence was
performed for vinculin immunoreactivity (40). The number of
focal adhesions/cell and the average area of these focal adhe-
sions were visualized by confocal microscopy and quantified with
Image J and the plug-in “Analyse particles” (http://rsbweb.nih.
gov/ij/docs/menus/analyze.html). Focal adhesions were selec-
ted as structures of determined pixel range above the threshold
(background) value (40). Numbers were obtained from 7 to 10
cells/patient (n = 3) and control (n = 3) individuals.

Effects of Medication and Smoking

Medication dose, as chlorpromazine dose equivalents (41),
and smoking (cigarettes/day; Table 1) were correlated with pFAK
levels (Figure 1A), cell attachment (Figure 1B), barrier migration
assay (Figure 2A), microchannel device assay (Figures 2B and 3),
and percentage of cells expressing integrins o3 and (1.

Statistical Analysis

Data are expressed as mean = SEM. The statistical programs
SPSS 20.0 (SPSS, Chicago, lllinois) and GraphPad Prism 5.01
(GraphPad, San Diego, California) were used to compare the
measurements of interest between the Patient and Control cells
(analysis of variance [ANOVA], t test, 2-tailed, Pearson product
moment correlation coefficient). The effects of smoking were
analyzed with general linear models (statistical program SAS; SAS
Institute, Cary, North Carolina), and the effect of medication dose
was evaluated with Spearman correlation (SAS). Statistical differ-
ences were considered significant as o < .05.

Results

Patient Cells Had Less pFAK

There was no difference in levels of total FAK in Patient and
Control cells (Control: 398 = 32 ng/mg protein; Patient: 373 = 19
ng/mg protein; p = .51). In contrast, the level of pFAK in Patient
cells was significantly less than in Control subjects (Figure 1A).
The mean levels of pFAK were: Control, 22.36 = 1.79 U/mg
protein, n = 9; Patient, 10.71 = 1.68 U/mg protein, n = 9 [F; 16
= 22.56, p < .001].

Patient Cells Expressed Integrins o3 and f1

Patient cells and Control cells expressed o3 and B1 integrins.
Slightly fewer Patient cells expressed a3 integrin compared with
Control subjects (integrin o3: 95.6% * .81 and 98.3% = .20,
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Figure 1. Patient cells had less phosphorylated focal adhesion kinase
(pFAK) and were less adhesive. (A) The pFAK content in Patient and
Control cells measured by enzyme-linked immunosorbent assay. The
pFAK content (mean = SEM) was significantly less in Patient cells (open
circles) than Control cells (closed circles). (***p < .001). (B) Proportion of
cells adherent 120 min after plating on fibronectin, expressed relative to
the average of the Control cells. Adhesion (mean = SEM) was significantly
less for Patient cells (open circles) than Control cells (closed circles)
(**p < .01).

respectively; p = .007; integrin B1: 93.8% * 2.3 vs. 97.0% =* .6;
p = .193).

Patient Cells Were Less Adherent Than Control Cells

Differential cell adhesion was measured by quantifying the
proportion of cells attached to the fibronectin substrate 2 hours
after seeding. Significantly fewer Patient cells remained attached
to the fibronectin substrate (Figure 1B) [t;4 = 5.3, p = .0001;
n = 9 cell lines/group].

Patient Cells Were More Motile Than Control Cells

In the barrier assay after 72 hours, significantly more Patient
cells migrated out of the central region into surrounding regions
(Figure S2 in Supplement 1; Figure 2A) [tgg = 2.7, p = .008; n = 9
cell lines/group, 4 replicates/cell line]. Cells were treated with 5-
fluorouracil to block proliferation. In the absence of 5-fluorouracil,
significantly more Patient cells migrated out of the central region
compared with Control cells [Control: 6435 * 956; Patient:
13,400 * 2832; t14 = 2.3, n = 8 cell lines/group]. These numbers
are confounded by cell proliferation, because Patient cells
proliferated more rapidly than Control subjects (28). This con-
found was eliminated in the microchannel migration device, not
with 5-fluorouracil but by synchronizing the cell cycle before the
assay and examining cells at 20 hours, less than the cell cycle
period. In the microchannel migration device, Patient cells moved
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Figure 2. Patient cells were more motile than Control cells. (A)
Percentage of cells migrating away from the central well in the barrier
assay over 72 hours. Significantly more Patient cells moved out of the
central area. The migration distance (mean = SEM) was significantly
further for Patient cells (open circles) than Control cells (closed circles).
All replicate experiments are shown (**p < .01). (B) The distance moved
by cells in 20 hours in the microchannel migration device. The migration
distance (mean = SEM) was significantly further for Patient cells (open
circles) than Control cells (closed circles) (***p < .001). (C) The velocity of
movement during 24 hours with time-lapse imaging. The migration speed
(mean = SEM) was significantly faster for Patient cells (open circles) than
Control cells (closed circles) (***p < .001). (D) Individual tracks of cell
movement during 24 hours with time-lapse imaging. Tracks of individual
cells are shown with different lines, with the origin of the axis as the start
point for each cell. Velocity was calculated from the length of each line
divided by time.

www.sobp.org/journal



422 BIOL PSYCHIATRY 2013;74:418-426

A K¥¥
KKK
8_ ———
= o
3 o -
= o
R ~-
2 44
34 =2 1 g
S ... ] (m] 8
21 ¢
S
D2
=
c 1 T ] T
FAK In14 - + - +
Control Patient
B KX
_ 10- *K*
£ o)
2 g
[}]
g
S 6 %
::z; | | o a
c 47
2 s -
_E’ 24 ... DED
=
0 T T 1 T
anti-a 31 - + - . +
Control Patient
C KKK
8- KK
o
5- o
$ ]
S | o °
D4 8 n -
TR o
S o° a" -
£ 21 oo
Ry
=
c ] I 1 1
anti-a 81 - +

+ -
Control Patient

Figure 3. Patient cell motility was reduced by blocking focal adhesion
kinase (FAK) and integrin binding. The distance moved by cells in 24 hours
in the microchannel migration device. The graphs show mean = SEM for
Patient cells (open symbols) and Control cells (closed symbols): with FAK
In14 (squares) and without (circles) (A); with antibodies to a3p1 integrins
(squares) and without (circles) (B); and with antibodies to a8B1 integrins
(squares) and without (circles) (C). Untreated Patient cells migrated further
than Control cells (t = 5.04, ***p < .0001; Bonferroni corrected). Inhibition
of focal adhesion kinase activity significantly reduced Patient cell migra-
tion (t = 4.89, ***p < .0001), as did antibodies to «3f1 integrins (t = 5.65,
**¥p <.0001) and a8fB1 integrins (t = 6.87, ***p < .0001).

significantly further than Control cells (Figure S2 in Supplement 1;
Figure 2B) [t;g = 4.2, p = .0007]. The barrier assay and micro-
channel device quantify motility of cell populations; the velocity
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of movement of individual Patient and Control cells was recorded
with time-lapse imaging. Patient cells moved significantly faster
than Control cells (Figure 2C) [t;5 = 4.3, p = .0006]. Patient cells
moved 2.6-fold faster than Control cells, but the trajectories of
cells in both groups were essentially random and not directional
(Figure 2D). Noteworthy, cell tracks of Patient cells reflect that
these cells move faster and farther than Control cells (Figure 2D).

Patient Cell Motility Was Sensitive to Inhibition of FAK
and Integrin Binding

Cell motility was quantified with and without pFAK inhibition.
In the absence of FAK In14, the Patient cells migrated further
than Control cells, but this difference was eliminated by the
inhibitor (Figure 3A). The FAK inhibition did not affect the basal
migration rate of Control cells (Figure 3A). A pilot study of three
Patient cells and three Control cells demonstrated that blocking
antibodies to integrins o8 and 1 reduced the motility of Patient
cells (Figure S3 in Supplement 1). The experiment was repeated
with all cell lines confirming that integrin antibodies to a3 and B1
as well as a8 and B1 reduced the motility of the Patient cells
without affecting Control cells (Figure 3B and C). Repeated
measures ANOVA demonstrated a significant effect of treatment
[F361 = 12.07, p < .0001] and a significant treatment x disease
status interaction [F36; = 11.29, p < .0001]. Subsequent individ-
ual repeated measures ANOVA of the Patient and Control cell
data indicated a significant treatment effect for the Patient cells
[F321 = 25.18, p < .0001] but not the Control cells [F3,; = 2.67,
p = .07]. Post hoc Bonferroni corrected t tests indicated that the
motility of untreated Patient cells were significantly different
from treated Patient cells and from untreated Control cells, which
were not different from the treated Control cells.

Cell Motility Was Correlated with pFAK Levels and Adhesion

For each cell line, the migration distance was averaged for the
four assays in the microchannel migration device (uninhibited)
(Figures 2B and 3A-C). These values were then plotted for each
individual against pFAK (units/milligram) (Figure 1A) and adhe-
sion (percentage attached after 120 min) (Figure 1B). Migration
distance was negatively correlated with pFAK levels (r = —.61,
p = .007) (Figure 4A) and adhesion (r = —.712, p = .0009)
(Figure 4B).

No Effects of Medication or Smoking

Patient medications and doses were converted into chlorpro-
mozine equivalents (41). There were no significant associations
between chlorpromazine equivalents and any of the migration-
related outcomes (pFAK, percentage attachment, percentage of
cells migrating in barrier assay, migration distance in micro-
channel migration device, percentage of cells expressing integrin
B1 and a3; Spearman p > .05 for all comparisons). Patients were
more likely to be smokers compared with control subjects (5 of 9
patients compared with 2 of 9 control subjects). Thus, to examine
the association between cigarette use (assessed as average
number of cigarettes/day) and the key cell migration-related
variables, we use general linear models. When adjusted for case
status, there were no significant associations between cigarette
use and any of the outcome variables (p > .05).

Patient Cells Had Fewer and Smaller Focal Adhesions

Focal number and size were quantified from vinculin immu-
nofluorescence (Figure 5A,B). Patient cells had significantly fewer
focal adhesions than Control cells (Figure 5C) [19 * 2.6 vs.
29 =3, t3; = 23, p = .024]. Patient cell adhesions were
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Figure 4. Cell motility was correlated with phosphorylated focal adhe-
sion kinase (pFAK) levels and adhesion. (A) Migration distance of all cell
lines (averaged from Figures 2B and 3A-C) plotted against pFAK levels
(Figure 1A); r = —.61, p = .007. (B) Migration distance of all cell lines
(averaged from Figures 2B and 3A-C) plotted against normalized
attachment (Figure 1B); r = —.71, p = .0009. Patient cells, open circles;
Control cells, closed circles.

significantly smaller than Control cell adhesions (Figure 5D)
[5.0 = .38 vs. 7.1 = .50, t3; = 3.5, p = .0012]. Focal adhesion
“mass” was estimated from the product of average number and
area. Control cells had twice the mass of Patient cells (206 vs. 95).

Patient Cell Focal Adhesions Disassembled Faster

Focal adhesion disassembly dynamics were quantified in cells
expressing GFP-FAK (Figure 6; Supplement 2 and Supplement 3).
The time taken to disassemble focal adhesions was quantified
from the video frame showing maximum size until disappearance
of the adhesion (Figure 6A,B). Patient cell adhesions disas-
sembled significantly faster than Control cell adhesions, with
disassembly occurring after 32 = 3.6 min and 56 = 3.7 min,
respectively (Figure 6) [tsg = 20.8, p < .0001].

Discussion

These experiments show that ONS cells from schizophrenia
patients have reduced cell adhesion and increased cell motility
that is associated with dysregulated FAK phosphorylation and
altered focal adhesion dynamics. Patient cells had less Y397-pFAK
compared with Control cells, and their motility was reduced to
Control levels by a small molecule inhibitor of FAK. Blocking
antibodies to o8- and P1-integrins also reduced Patient cell
motility to Control levels. The ONS cells used in this analysis
are the same as those used previously (26,28) and examined after
similar periods in vitro. There are no obvious differences in
Patient and Control cell populations, with respect to each other,
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although there is heterogeneity within them. Olfactory
neurosphere-derived cells are morphologically undifferentiated,
and most express some antigens associated with bone marrow
stromal cells (CD105, CD73), with smaller percentages expressing
markers of neural stem cells (nestin) and neural progenitors (-
tubulin-Ill) (26). They have been called “ecto-mesenchymal” stem
or progenitor cells (42). As discussed previously (26,28), prior
medication, treatment, or lifestyle factors might contribute to
disease-associated differences in these cells, but in the present
study, Patient-Control differences were not explained by correla-
tion with antipsychotic medication or smoking.

Focal adhesions provide the link between cell attachment,
detachment, and migration, whereby decreased strength of focal
adhesions is associated with greater cell motility (30,43). Cell
motility is enhanced by manipulations that decrease the size and
number of focal adhesions (44). In agreement with this, Patient
cells had half the size and number of focal adhesions and twice
the motility of Control cells and half the time of disassembly. The
faster disassembly in Patient cells can account for their smaller
focal adhesions. These observations suggest that the differences
in motility of Patient and Control cells are related to the dynamics
of focal adhesion assembly/disassembly.

FAK is central to neuronal migration (45,46) and is a hub in the
focal adhesion complex that forms and disassembles to mediate
cell binding to the extracellular matrix (47). Y397-pFAK, the
autophosphorylated form examined here, is essential for the
subsequent FAK phosphorylations that initiate integrin-mediated
cell adhesion and is present in newly forming and mature focal
adhesions (48). Thus, the maximum measured level of pFAK is
limited to the amount aggregated in focal adhesion complexes.
Patient cells have half the pFAK level and hence half the focal
adhesion mass compared with Control cells, consistent with
being less adhesive and more motile. Surprisingly, reduction of
pFAK in Patient cells reduced motility to Control levels. Several
explanations are possible, but more experimental evidence is
required to choose among mechanistic interpretations of these
paradoxical results. They might reflect the cyclic nature of the
migration process (49). For instance, tyrosine phosphatases
regulate disassembly of focal adhesions (50), and lower baseline
levels of Y397-pFAK in Patient cells could indicate more active
tyrosine phosphatases. Hence, FAK autophosphorylation and
phosphatase-driven dephosphorylation might be more rapid in
Patient cells and further FAK inhibition might no longer support
dynamic turnover of pFAK, thereby reducing motility. A different
possibility is that the baseline Patient-Control difference in pFAK
levels could result from differences in expression of genes other
than FAK. Factors that regulate integrin expression and activity
could contribute, because adhesion strength is exponentially
dependent on the number of integrin molecules bound to the
focal adhesion (51). Numerous genes, both upstream and down-
stream of FAK phosphorylation, have dysregulated expression in
Patient cells (26), so it is difficult to identify the primary deficit in
these cells. For example, “ErbB signaling” and “Ephrin receptor
signaling” are dysregulated in Patient cells (26). Inhibition of
ErbB2 enhances the number and size of focal adhesions and
inhibits cell motility (52), and EphA2 activation inactivates
integrins to inhibit cell motility (52).

Patient cell motility was dependent on integrin engagement,
indicated by blocking antibodies to a8 and B1 integrins, which
dimerize to bind to fibronectin (53). Integrins are the primary cell
membrane receptors for focal adhesion signaling, mediating
interactions between cells and extracellular matrix (30). Integrin
receptors are heterodimers between many combinations of o
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Figure 5. Patient cell focal adhesions were fewer and smaller. Examples of focal adhesions in Control cells (A) and Patient cells (B). Note that in Patient
cells many spots are focal points (smaller, round) and not focal adhesions (larger, elongated). Focal adhesions (red) were stained with an antivinculin
monoclonal antibody, followed by Alexa Fluor 546 antimouse IgG (Invitrogen, Carlsbad, California). Actin stress fibers (green) were stained with Alexa Fluor
488-conjugated phalloidin. Nuclei (blue) were stained with 4',6-diamidino-2-phenylindole (DAPI) and visualized with an Olympus IX70 inverted microscope
(Olympus, Melville, New York). Insets represent magnified views of focal adhesions in the selected regions of interest. Scale bars = 10 um. (C) The number
of focal adhesions/cell (mean = SEM) for Patient cells (open circles) and Control cells (closed circles) (n = 20 cells from 3 cell lines/group). Patient cells had
significantly fewer adhesions than Control cells (*p < .05). (D) The average area of focal adhesions/cell (mean = SEM) for Patient cells (open circles) and
Control cells (closed circles) (n = 20 cells from 3 cell lines/group). Patient cells had significantly smaller adhesions than Control cells (**p < .01).

and B subunits, which account for their multiple ligand specific-
ities (53). As reported previously (26), Patient cells expressed
significantly less integrin a3 messenger RNA (mRNA) and signifi-
cantly more a8 mRNA than Control cells. Integrin a8 is a receptor
subunit for fibronectin, osteopontin, and tenascin; and integrin
a3 is a receptor subunit for laminin, reelin, and thrombospondin
(53). Fittingly, mRNA for two subunits of laminin and two
members of the thrombospondin family were significantly over-
expressed in Patient cells (Table S2 in Supplement 1) (26).
Therefore, Patient cells might be differentially adhesive on
multiple substrates, although this remains to be confirmed.
Motility of Control cells was unaffected by FAK inhibition and
integrin blockade, presumably because at baseline they were
relatively non-motile on fibronectin, having more, larger, and less
dynamic focal adhesions. The FAK inhibitor diminished the
motility of Patient cells to the same basal levels observed in
Control cells, indicating that the signaling pathways activated to
maintain this background state of motion are less sensitive to
integrin binding levels and FAK phosphorylation.

The present study draws attention to FAK signaling as a
potential candidate pathway that could affect neuronal migration
in the developing brain in schizophrenia, sharing certain attrib-
utes with RELN (54), DISC1 (55), and NRGI1 (56) pathways. For
example, genetic deletions of FAK and integrin o3 lead to defects
in laminations of the cerebral cortex similar to deletions of RELN,
DISC1, and NRGT (57-61). Focal adhesion kinase is strongly
expressed in the developing and adult brain, enriched in cerebral
and cerebellar cortices and hippocampus (62). Deletion of the
FAK gene is embryonic lethal in mouse, but cell-specific deletions
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provide insights into its role in brain development (59). Deletion
of FAK in glia and meningeal fibroblasts cause dysgenesis of the
frontal cortex, apparently by disrupting the attachment of radial
glia end-feet to the basal lamina, generated by meningeal
fibroblasts, thereby indirectly impairing neuronal migration and
cortical lamination (59). Neuron-specific deletion of FAK did not
affect cortical lamination but reduced neuritogenesis and axon
path-finding (59). Genetic deletion of integrin o3 disrupts cortical
lamination, consistent with a neuronal migration deficit during
development (58). Mouse studies demonstrate multiple tissue-
specific roles for integrins during development (63), including in
neuronal migration and lamination of the cerebral cortex (58,64).
Patient-control differences in FAK signaling are also relevant to
increased cell proliferation in patient ONS cells (28). Patient cells
had disrupted gene regulation of G1/S-phase transition (26), a
shorter cell cycle period, and raised levels of cyclin D1, indicating
that the raised cyclin D1 levels were driving the shorter cell cycle
and increased proliferation rate (28). Over-expression of FAK
modulates cell cycle dynamics by stimulating the expression of
cyclin D (65), so it is plausible that the increased cyclin D1 levels
and higher proliferation rate in Patient cells might be down-
stream of dysregulated FAK signaling in these cells. Pathway
analysis of large genome-wide association datasets identified
“focal adhesion” (14) and “cell adhesion molecule” (15) as
signaling pathways with significant over-representation of single
nucleotide polymorphisms in the patient cohorts. Additionally,
when a gene identified through genome-wide association in
schizophrenia (ZNF804A) was manipulated in neural progenitor
cells, the expression of cell adhesion genes were specifically
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Figure 6. Patient cells disassembled focal adhesions faster than Control
cells. Examples of focal adhesions from Control (A) and Patient cells (B)
expressing green fluorescent protein-FAK taken every 10 min for 70 min,
as indicated. When a focal adhesion stops growing, it is considered
“mature” or fully formed; this is taken as the beginning of disassembly.
The disappearance of the focal adhesion determines the end of the
disassembly period. The arrows point to adhesions undergoing disas-
sembly. Scale bar = 20 pm. (C) Focal adhesion disassembly kinetics were
measured for at least 12 structures from each cell. The period of focal
adhesion disassembly (mean = SEM) of Patient cell adhesions (open
circles) was significantly faster than Control cell adhesions (closed circles)
(***p < .001).

altered (66). These genetic studies indicate that gene polymor-
phisms in cell adhesion pathways might be upstream of the gene
expression and functional differences observed in Patient and
Control cells.

It is not possible to predict how brain development would be
affected by the findings reported here. The extracellular environ-
ment of the developing brain is a three-dimensional structure
involving much greater complexity of extracellular matrix, cells,
and signaling molecules. In the developing brain there would be
homeostatic regulation at the cellular, network, and systems
levels that is absent in vitro. Nonetheless it is likely that the
alterations in cell biology demonstrated here would bias homeo-
static regulation, potentially making it more susceptible to other
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genetic or environmental stressors, thereby altering the trajectory
of brain development.
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