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Pyk2 is a cytoplasmic tyrosine kinase related to focal adhesion
kinase (FAK). Compensatory Pyk2 expression occurs upon FAK
loss in mice. However, the impact of Pyk2 up-regulation remains
unclear. Previous studies showed that nuclear-localized FAK
promotes cell proliferation and survival through FAK FERM
domain-enhanced p53 tumor suppressor degradation (Lim,
S.T.,Chen, X.L.,Lim, Y., Hanson, D. A,, Vo, T. T., Howerton, K.,
Larocque, N, Fisher, S. J., Schlaepfer, D. D., and Ilic, D. (2008)
Mol. Cell 29, 9-22). Here, we show that FAK knockdown trig-
gered p53 activation and G; cell cycle arrest in human umbilical
vein endothelial cells after 4 days. However, by 7 days elevated
Pyk2 expression occurred with a reduction in p53 levels and the
release of the G; block under conditions of continued FAK
knockdown. To determine whether Pyk2 regulates p53, experi-
ments were performed in FAK™/~p21~/~ mouse embryo fibro-
blasts expressing endogenous Pyk2 and in ID8 ovarian carci-
noma cells expressing both Pyk2 and FAK. In both cell lines,
Pyk2 knockdown increased p53 levels and inhibited cell prolif-
eration associated with G, cell cycle arrest. Pyk2 FERM domain
re-expression was sufficient to reduce p53 levels and promote
increased BrdUrd incorporation. Pyk2 FERM promoted Mdm?2-
dependent p53 ubiquitination. Pyk2 FERM effects on p53 were
blocked by proteasomal inhibition or mutational-inactivation
of Pyk2 FERM nuclear localization. Staurosporine stress of ID8
cells promoted endogenous Pyk2 nuclear accumulation and
enhanced Pyk2 binding to p53. Pyk2 knockdown potentiated
ID8 cell death upon staurosporine addition. Moreover, Pyk2
FERM expression in human fibroblasts upon FAK knockdown
prevented cisplatin-mediated apoptosis. Our studies demon-
strate that nuclear Pyk2 functions to limit p53 levels, thus facil-
itating cell growth and survival in a kinase-independent
manner.
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Proline-rich kinase-2 (Pyk2)® and focal adhesion kinase
(FAK)® are related cytoplasmic protein-tyrosine kinases that
contain N-terminal 4.1, ezrin, radixin, moesin (FERM), central
kinase, proline-rich, and C-terminal focal adhesion targeting
domains (1, 2). FAK is abundant and ubiquitously expressed,
whereas high level Pyk2 expression is selective and cell type-
specific (3). Although Pyk2 and FAK kinase activities can phos-
phorylate similar targets, they differ in their abilities to promote
cell motility (3, 4). In fibroblasts this difference is due to FAK
recruitment and activation at integrin-enriched focal adhesion
sites, whereas Pyk2 remains primarily perinuclear-distributed
(5). Determining the similarities and differences of FAK-Pyk2
action is an area that remains under investigation (6, 7).

FAK knock-out results in an early embryonic lethal pheno-
type associated with cell proliferation and motility defects (8, 9).
During development, loss of FAK results in a p53 tumor
suppressor-dependent blockage in mesenchymal cell prolifera-
tion (10). Under normal growth conditions, p53 expression is
maintained at low levels via polyubiquitination and proteaso-
mal degradation (11). Murine double minute-2 (Mdm?2) is a
major ubiquitin E3 ligase that regulates p53 levels in cells (12).
Nuclear-targeted FAK promotes p53 turnover by facilitating
Mdm?2-dependent ubiquitination of p53 (10). FAK regulation
of p53 levels is dependent upon the FAK FERM domain but
independent of FAK kinase activity (13, 14). p53 is a transcrip-
tion factor that regulates many targets such as the p21Cip/
WAF1 (p21) cyclin-dependent kinase inhibitor (15, 16).
Importantly, co-inactivation of p21 allows for FAK-null
mouse embryo fibroblast (MEF) growth in culture, and these
FAK™/~p21~/~ MEFs are a unique resource to study mecha-
nisms controlling cell growth and motility in the absence of
FAK (13).

In adult mice, endothelial cell (EC)-specific FAK inactivation
is associated with increased Pyk2 expression that enables
growth factor-stimulated angiogenesis in the absence of FAK
(17). Elevated Pyk2 expression also occurs in vitro upon FAK
inactivation in primary fibroblasts and ECs (17, 18). However,
the molecular mechanism(s) of how Pyk2 levels increase and
what roles Pyk2 performs upon FAK inactivation remain

¢The abbreviations used are: Pyk2, proline-rich kinase 2; Ad, adenovirus;
BrdUrd, bromodeoxyuridine; IP,immunoprecipitation; FAK, focal adhesion
kinase; FERM, band 4.1, ezrin, radixin, moesin; EC, endothelial cell; ERK,
extracellular-regulated kinase; GFP, green fluorescent protein; HA, hemag-
glutinin; HUVEC, human umbilical vein endothelial cell; Mdm2, murine
double minute 2; MEF, mouse embryonic fibroblast; Scr, scrambled;
shRNA, short-hairpin RNA; TUNEL, terminal deoxynucleotidyltransferase
dUTP nick end-labeling; TT, R184T/R185T; WT, wild type; p5, passage 5.
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unclear. We hypothesize that compensatory Pyk2 expression is
part of an adaptive or intrinsic cell survival mechanism.

Herein, we establish that Pyk2 in both normal and tumor
cells acts to regulate p53 levels controlling both cell prolifera-
tion and survival. Pyk2 regulation of p53 occurs in a kinase-
independent manner via Pyk2 FERM domain nuclear translo-
cation. Pyk2 FERM forms a complex with p53 and Mdm?2 that is
weakened by FERM domain F2 lobe mutations. As Pyk2 FERM
expression enhances Mdm2-dependent p53 ubiquitination and
proteasome inhibitors block Pyk2 effects on p53, our results
support a model whereby Pyk2 FERM functions as a scaffold for
Mdm2-associated p53 turnover. Moreover, our studies in ovar-
ian carcinoma cells also support the importance of endog-
enously expressed nuclear-targeted Pyk2 in promoting cell pro-
liferation and survival in cells expressing FAK.

EXPERIMENTAL PROCEDURES

Cells—Early passage FAK /"p217/~ MEFs and
Mdm2 /" p53~/~ MEFs were obtained as described via
embryo outgrowth (10). Expansion of primary MEFs to two
10-cm plates was achieved after 4- 5 weeks, and this represents
passage 5 cells. Human diploid foreskin BJ fibroblasts were
from ATCC (CRL-2522), and growth was limited to 50 dou-
blings. Fibroblasts were grown on 0.1% gelatin-coated dishes.
293 and 293T human embryonic kidney cells were used as
described (10). Murine ID8 ovarian carcinoma cells were from
Katherine Roby (19). All cell lines were maintained in Dulbec-
co’s modified Eagle’s medium with 10% fetal bovine serum
(Omega Scientific). Human umbilical vein endothelial cells
(HUVECsS) were from Glycotech and maintained in endothelial
growth media (Lonza) with 10% fetal bovine serum and limited
to 10 passages.

Antibodies and Reagents—Pyk2 (clone 11) and poly(ADP-
ribose) polymerase (clone 42) antibodies were from BD Trans-
duction Laboratories. Mouse p53 (CM5) antibody was from
Novocastra. Human p53 (DO-1), p21 (F-5), and extracellular-
regulated kinase (ERK) antibodies were from Santa Cruz Bio-
technologies. Anti-Ser(P)-15 p53 (16G8) antibody was from
Cell Signaling Technologies. Anti-B-actin (AC-17) and anti-
FLAG tag (M4) were from Sigma. Anti-Myc (9E10), anti-green
fluorescent protein (GFP; B34), and anti-hemagglutinin (HA,
16B12) were from Covance Research. Anti-glyceraldehyde-3-
phosphate dehydrogenase (374), anti-FAK (4.47), monoclonal
anti-Pyk2 (clone 74), and rabbit polyclonal anti-Pyk2 (06-559)
were from Upstate-Millipore. Anti-ubiquitin (FK-2) was from
Biomol. Horseradish peroxidase-conjugated anti-mouse and
anti-rabbit antibodies were from Pierce/Thermo Scientific.
Polyclonal anti-GFP antibodies were generated and used as
described (10). Cisplatin and MG132 were from Calbiochem.
Propidium iodide was from Sigma. Lipofectamine 2000
(Invitrogen) was used for transfections and staurosporine was
from Biovision.

Cloning and Mutagenesis—pEGFP-Pyk2 FERM (residues
39-367) was generated by PCR. pEGFP-Pyk2 FERM R184T/
R185T was obtained using QuikChange mutagenesis (Strat-
agene). The primers used are listed in supplemental Table 1.
Both Pyk2 FERM constructs were confirmed by sequencing and
cloned into pEGFP-C1 (Clontech).
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Lentivirus and Adenovirus Constructs—Human FAK, mouse
FAK, mouse Pyk2, and scrambled short-hairpin interference
RNA (shRNA) lentiviral vectors (pLentilox 3.7) were created
and used as described (10, 20). Full-length adenoviral Myc-
tagged human Pyk2 wild-type (WT), autophosphorylation site-
mutated (Y402F), and kinase-inactive (R457A) adenovirus were
created and used as described (4). Adenoviral Myc-tagged Pyk2
FERM domain wild type and R184T/R185T were generated by
PCR and inserted into the pShuttle vector (Stratagene). Con-
structs were screened by DNA sequencing. Adenovirus was
produced using the AdEasy system (Stratagene) and titered
and target cells were transduced at a multiplicity of infection
between 5 and 25 viral particles per cell to achieve equal
expression. shRNA and PCR primers are listed in supple-
mental Table 1.

Cell Cycle Analysis—Early passage HUVECs were infected
with scrambled shRNA or human FAK shRNA lentivirus. After
48 h of lentiviral transduction, cells were trypsinized at day 4
and day 7, fixed with 100% ethanol, and stored at —20 °C until
all samples were collected for propidium iodide staining. Cells
were collected by centrifugation and washed with phosphate-
buffered saline. Cell pellets were resuspended in 300 ul of phos-
phate-buffered saline containing propidium iodide (10 pg/ml,
Sigma) and DNase-free RNase (100 pg/ml, Qiagen) and then
incubated at 37 °C with agitation for 1 h. Samples were analyzed
by flow cytometry (BD Pharmingen), and cell cycle analyses
were performed by ModFit LT3.2 software (Verity Software
House).

Cell Proliferation Assay—FAK '"p21~/~ MEFs were
infected with scrambled or Pyk2 shRNA lentivirus and incu-
bated for 24 h, then 25,000 cells were plated onto 0.1% gelatin-
coated 6-well plates. Cells were harvested every 24 h in tripli-
cate and counted (ViCell, Beckman Coulter). FAK/~p21~/~
cells or ID8 ovarian carcinoma cells were infected with scram-
bled or FAK shRNA lentivirus and plated onto gelatin-coated
glass slides, Ad-Pyk2 FERM expression or transfection of
Smartpool mouse p53 small interfering RNA (Dharmacon) was
performed at 36 h, and cell proliferation was measured after
72 h by incubation with 10 um bromodeoxyuridine (BrdUrd)
for 16 h. Cells were fixed with 3.7% paraformaldehyde, perme-
abilized with 0.1% Triton X-100, and incubated with anti-
BrdUrd (Roche Applied Science) for 1 h at room temperature
followed by Texas Red goat anti-mouse for 30 min. BrdUrd
staining was enumerated only for GFP-positive cells. At least
400 GFP-positive cells were counted. Statistical analyses were
performed using Prism 5 (GraphPad software).

Ubiquitin Incorporation into p53—Co-transfection ex-
periments were performed in Mdm2"/"p53~/" or
Mdm2~'"p53~/" MEFs. First, cells were transduced with
Myc-tagged Pyk2 FERM-WT, Pyk2 FERM-TT, or control
adenoviral expression vectors, and after 24 h, media were
changed, and cells were transfected 1 ug of FLAG-tagged p53
and 0.5 pg of Myc-tagged ubiquitin using FuGENE 6 (Roche
Applied Science). At48 h, MG132 (40 um) was added 3 h before
cell lysis to enhance ubiquitin incorporation. FLAG-p53 was
isolated by immunoprecipitation (IP) using FLAG antibody
(M4, Sigma) conjugated beads and visualized by anti-ubiquitin
(FK-2) blotting.
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Cell Apoptosis Assay—Lentivirus-infected human fibroblast
apoptosis in the presence or absence of 20 pg/ml cisplatin was
measured by terminal deoxynucleotidyltransferase dUTP nick
end-labeling (TUNEL) staining using tetramethylrhodamine
(Roche Applied Science). Red (TUNEL) and green (GFP-tagged
shRNA) fluorescence images were acquired, and the number of
cells positive for both GFP and TUNEL were divided by the
total number of GFP-positive cells. At least 400 GFP-positive
cells were enumerated. ID8 cells were treated with DMSO or
staurosporine (1 um) for the indicated times, collected by
trypsinization, stained with allophycocyanin-conjugated
annexin V (BD Pharmingen), and analyzed by flow cytometry.
Parental ID8 annexin V cell staining was subtracted from all
values, and the percentage of annexin V-positive cells was
determined from equal numbers of events using the same gate
for all time points. Scrambled or anti-FAK shRNA-expressing
HUVECs were subjected to annexin V staining and analyzed by
flow cytometry at the indicated time points.

Nuclear Localization and Subcellular Fractionation—293T
cells were transiently transfected with GFP-Pyk2 FERM wild
type or GFP-FERM R184T/R185T, grown on 0.1% gelatin-
coated glass coverslips, and fluorescence-visualized (Olympus
IX51). Anti-Pyk2 nuclear-associated staining of ID8 cells upon
staurosporine addition was visualized using an Olympus I1X81
confocal microscope. 293T or ID8 nuclear and cytoplasmic
protein fractionation was performed as described (10).

Immunoprecipitation —and  Immunoblotting—Protein
extracts of cells were made using lysis buffer containing 1%
Triton X-100, 1% sodium deoxycholate, and 0.1% SDS as
described (20). Target proteins were immunoprecipitated with
polyclonal GFP or p53 antibodies, collected with immobilized
Protein A (RepliGen), and washed in 20 mm Hepes, pH 7.4, 150
mMm NaCl, 0.1% Triton, and 10% glycerol at 4 °C. Immunopre-
cipitated proteins or cell lysate proteins were separated by SDS-
PAGE, and sequential immunoblotting was performed as
described (10). Relative protein expression levels were mea-
sured by analyzing densitometry of blots using Image] (Version
1.34s).

RESULTS

Elevated Pyk2 Expression in HUVECs upon FAK Knock-
down Coincides with Reduced p53 Levels and Cell Cycle
Regulation—Pyk2 levels were found elevated in heart tissue
from inducible EC-specific FAK knock-out mice (17), and we
found that Pyk2 levels are also elevated in i-EC-FAK-KO lung
tissue lysates compared with WT mice (Fig. 14). As FAK has
been linked to the regulation of cell cycle progression (21-23),
we hypothesize that elevated Pyk2 levels upon FAK inactivation
may similarly function to regulate cell proliferation. To test this
connection in ECs, HUVECs were transduced with lentiviral
scrambled (Scr) or anti-FAK shRNA and evaluated for changes
in protein expression (Fig. 1, B and C) or cell cycle progression
(Fig. 1D) after 4 or 7 days.

By day 4, immunoblotting revealed that FAK knockdown was
~70% with no change in Pyk2 levels. p53 expression and acti-
vation were elevated as determined by total and phospho-Ser15
anti-p53 blotting in FAK shRNA compared with Scr shRNA-
expressing cells (Fig. 1B). FAK knockdown cells exhibited
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FIGURE 1. Elevated Pyk2 levels in mouse lung tissue and HUVECs upon FAK
inactivation; association with p53 and cell cycle regulation. A, lung tissue
lysates from WT and inducible EC-specific FAK knock-out mice were analyzed by
anti-Pyk2 and -FAK blotting. Levels of ERK were used as a loading control. B, FAK,
Pyk2, p53-phosphoserine-15 (pSer15), and p53 levels after lentiviral-mediated
anti-FAK or control Scr shRNA expression in HUVECs are shown. Actin was used as
aloading control. Day 0 represents growing cells just before infection, and days 4
or 7 are times after infection. C, densitometric analyses are shown of Pyk2 (red
squares), p53 (green triangles), and FAK (blue diamonds) expression in Scr- or FAK
shRNA HUVEC lysates (from panel B) with values normalized to actin and day 0
levels set to 1. D, shown is cell cycle analysis as determined by propidium iodide
staining and flow cytometry. Day O represents growing cells before lentiviral
shRNA expression. FAK but not Scr shRNA-expressing HUVECs exhibit cell cycle
arrest (increased G, to S ratio) at day 4. Increased percentages of FAK shRNA-
expressing cellsarein S and G,/M phases of the cell cycle at day 7 compared with
day 4. Cell cycle analyses are representative of two independent experiments.
Immunoblots are from one of three independent experiments.

increased G,/G, with decreased S and G,/M DNA content (Fig.
1D). FAK knockdown did not trigger HUVEC apoptosis, and
similar results were obtained with a second FAK shRNA (sup-
plemental Table 1 and Fig. 1). These results are consistent with
FAK knockdown resulting in a G, cell cycle block with p53
activation potentially acting as a checkpoint preventing effi-
cient cell cycle progression.
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By day 7 FAK knockdown was maximal at ~90%. However,
Pyk2 levels were elevated compared with Scr shRNA controls at
day 7 (Fig. 1, B and C). Notably, p53 expression and activation
did not differ between FAK- and Scr shRNA-expressing
HUVECSs at day 7. Moreover, an increased percentage of FAK
shRNA cells possessed S and G,/M DNA content compared
with day 4 FAK shRNA HUVECs, which exhibited a G, cell
cycle block (Fig. 1D). These results support the notion that
compensatory changes in Pyk2 levels may inhibit p53 and, thus,
promote cell cycle progression in HUVECs under conditions of
reduced FAK expression.

Pyk2 Regulation of FAK '~ p21~’~ MEF Proliferation—To
test whether Pyk2 can regulate p53 as well as cell growth, exper-
iments need to be performed in cells that lack FAK. However,
FAK ™/~ MEFs do not readily proliferate (8, 10). We found that
inactivation of the cell cycle inhibitory p21 protein allows for pri-
mary FAK™/~p53*/" MEF growth (10). These MEFs are isolated
from E8.0 embryos, and passage 5 (p5) cells represent the expan-
sion of MEFs to a 10-cm dish. Analysis of p5 FAK ™/~ p21~/~
MEFs revealed low levels of Pyk2 and moderate levels of p53 (Fig.
2A). Between p5 and p10, FAK ™/~ p21 /'~ MEFs exhibited accel-
erated growth (data not shown). Consistent with the above
HUVEC results, analysis of p10 FAK /" p21 '~ MEFs lysates
revealed elevated Pyk2 and decreased p53 levels compared with
earlier passage (Fig. 2A).

To determine whether Pyk2 expression changes affect p53
levels and cell proliferation, lentiviral Scr or Pyk2 shRNA were
expressed in pl0 FAK /“p21~/~ MEFs. Pyk2 knockdown
resulted in elevated p53 levels (Fig. 24) and the inhibition of
cell proliferation (Fig. 2B). Cell cycle analyses revealed
increased G,/G, with decreased S and G,/M DNA content
compared with Scr controls (Fig. 2C). Pyk2 knockdown did not
lead to increased cell apoptosis, and similar results were
obtained with a second Pyk2 shRNA (supplemental Fig. 2).
These results implicate Pyk2 in the regulation of both p53 and
cell proliferation in the absence of FAK.

p53 Controls FAK '~ p21~"~ MEF Cell Cycle Progression—
To determine the role of elevated p53 levels upon Pyk2 knock-
down, FAK /" p21~/~ MEFs were transduced with Scr or Pyk2
shRNA and then transfected with anti-p53 small interfering
RNA (siRNA; Fig. 3A). As the shRNA-containing lentivirus
expresses GFP as a cell marker, lentiviral-expressing cells can
be directly analyzed for effects on cell cycle progression via
enumerating GFP and BrdUrd incorporation into cells (Fig. 3, B
and C). As expected, knockdown of Pyk2 was accompanied by
elevated p53 levels (Fig. 34). This corresponded to a 4-fold
reduction in FAK™/~p21~/~ MEF BrdUrd incorporation (Fig.
3, B and C). Co-inactivation of p53 upon Pyk2 knockdown
enhanced BrdUrd incorporation 3-fold compared Pyk2 knock-
down cells. As Pyk2 knockdown promotes a G,/G; cell cycle
block of FAK ™/~ p21 '~ MEFs (Fig. 2C), increased BrdUrd
incorporation upon p53 inactivation is consistent with a release
of the G,/G;, block and initiation of cell cycle progression.

Pyk2 FERM Regulation of p53 Levels and FAK " p21 "~
MEF BrdUrd Incorporation—Previous studies demonstrated
that the FAK N-terminal FERM domain acts as a nuclear-
localized scaffold to promote Mdm2-dependent p53 ubiq-
uitination leading to enhanced p53 proteasomal degradation
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FIGURE 2. Pyk2 regulation of p53 and growth of FAK™/~p21~/~ MEFs.
A, left panel, increased Pyk2 and decreased p53 levels as a function of
FAK™/~p21~/~ MEF passage are shown. Passage 5 represents expansion of
primary FAK™/~p21~/~ MEFs to a 10-cm dish. Right panel, shRNA-mediated
Pyk2 knockdown is associated with elevated p53 levelsin p10 FAK /" p21~/~
MEFs compared with Scr shRNA as determined b)/ anti-Pyk2, p53 and actin
blotting. B, Pyk2 shRNA-expressing FAK™/~p21~/~ MEFs grow slower than
scrambled shRNA control. Results are the mean cell number = S.D., n = 3
experiments. C, cell cycle analysis by propidium iodide staining and flow
cytometry is shown. Day 0 represents growing cells before lentiviral shRNA
expression. Pyk2 but not Scr shRNA-expressing FAK~/~p21~/~ MEFs exhibit
G, cell cycle arrest after 72 h. shRNA-associated experiments were repeated at
least two times.

(10). To determine whether Pyk2 FERM can regulate p53,
FAK /~p21~/~ MEFs were transduced with Scr or Pyk2
shRNA followed by transduction with an adenovirus (Ad)
re-expressing human Myc-tagged Pyk2 FERM (residues
39-367). Pyk2 knockdown resulted in elevated p53 levels
and significantly reduced FAK™/~p21~/~ MEF BrdUrd
incorporation (Fig. 3, D and E). Pyk2 FERM re-expression in
Pyk2 shRNA-expressing MEFs resulted in decreased steady-
state p53 levels and increased BrdUrd incorporation. This is
consistent with Pyk2 FERM promoting increased G, to S cell
cycle progression compared with Pyk2 shRNA-expressing
FAK™/~p21~/~ MEFs. These results support the notion that
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FIGURE 3. FAK~/~p21~/~ MEF cell cycle progression is regulated by Pyk2
FERM and p53. A, shown is combined p53 and Pyk2 knockdown.
FAK™/~p21~/~ MEFs were infected with Scr or Pyk2 lentiviral-associated
shRNA and, after 24 h, transfected with p53 small interfering RNA (siRNA) as
indicated. At 96 h, lysates were analyzed by anti-Pyk2, p53, and actin immu-
noblotting. B and C, p53 knockdown bypasses proliferation block after Pyk2
knockdown. Cells were transduced with lentiviral shRNA and transfected with
p53 small interfering RNA as in panel A. After 72 h BrdUrd was added for 16 h,
and cells were processed for BrdUrd antibody staining. Results are the mean
values = S.D.; n = 2 experiments are the percent of total GFP (from lentiviral
shRNA) positive cells. Panel C shows representative BrdUrd-stained images.
The scale bar is 200 um. D, Pyk2 FERM domain expression reduces p53 levels.
FAK™/~p21~/~ MEFs were infected with lentiviral-associated Scr or Pyk2
shRNA and, after 48 h, exposed to either mock or adenoviral Myc-Pyk2 FERM
(39-367). At 96 h, lysates were analyzed by anti-Pyk2, p53, Myc (for FERM
detection), and actin immunoblotting. E, exogenous Pyk2 FERM expression
bypasses proliferation block after Pyk2 knockdown. Cells were processed as
in panel D, and after 72 h BrdUrd was added for 16 h, and then cells were
stained with BrdUrd antibody. Mean values = S.D., n = 2 independent exper-
iments are the percent of total GFP (from lentiviral shRNA)-positive cells.
B and E, significance was determined using analysis of variance and Tukey-
Kramer HSD tests. shRNA-associated experiments were repeated at least two
times.

Pyk2 controls FAK /"p21 '~ MEF proliferation in part
through Pyk2 FERM effects on p53.

Pyk2 FERM Regulates p53 Independent of Pyk2 Kinase Activ-
ity—Structural analyses of the FAK FERM domain reveal that it
makes inhibitory contacts with the FAK kinase domain (24). As
the Pyk2 FERM domain can also function to inhibit Pyk2 activ-
ity (25), and because low levels of Pyk2 remain after Pyk2
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shRNA expression in cells, it is possible that FERM-mediated
inhibition of Pyk2 kinase activity may affect p53 levels. To test
this possibility, Myc-tagged full-length Pyk2 WT, kinase-dead
Pyk2 (A457), and a Pyk2 auto-phosphorylation mutant (F402)
(Fig. 4A) were expressed in human fibroblasts by Ad-mediated
transduction, and effects on steady-state p53 levels were deter-
mined by immunoblotting (Fig. 4B). WT Pyk2 moderately
reduced p53 levels, whereas kinase-dead or F402 Pyk2 overex-
pression resulted in a dramatic reduction of p53 levels. These
results show that Pyk2 regulation of p53 is independent of Pyk2
kinase activity.

To determine which residues within the Pyk2 FERM domain
are needed for p53 regulation, sequence comparisons were
made to the FAK FERM (Fig. 44). FERM domains are com-
posed of three lobes (F1, F2, and F3), and the highest degree of
conservation between Pyk2 and FAK (50.4% identity) is within
the F2 lobe. Importantly, mutation of FAK FERM at Arg-177
and -R178 to alanine (R177A/R178A) disrupts FAK FERM
nuclear localization and p53 regulation (10). These residues are
conserved within the Pyk2 F2 lobe at Arg-184-and -185. To test
the importance of these sites, they were mutated to threonine
(R184T/R185T, designated TT) (Fig. 44). Ad-mediated Pyk2
FERM-TT did not reduce p53 levels as did FERM-WT (Fig. 4C).
These results support the importance of Pyk2 Arg-184/185
within the FERM F2 lobe in mediating p53 regulation.

Pyk2 FERM-mediated Nuclear Localization—Both FAK and
Pyk2 localize to the nucleus in the presence of the nuclear
export inhibitor leptomycin B and in response to specific cellu-
lar stimuli (13, 26, 27). The bipartite nuclear localization
sequence within the F2 lobe of the FAK FERM domain is also
conserved within Pyk2 (10), but the functional relevance of this
has not been tested. To determine whether the TT mutation
within the Pyk2 FERM F2 lobe disrupts nuclear localization,
GFP fusions of Pyk2 FERM-WT and Pyk2 FERM-TT were eval-
uated by fluorescent localization (Fig. 4D) and cellular fraction-
ation (Fig. 4E). Pyk2 FERM-WT was nuclear-localized in both
assays, whereas the majority of Pyk2 FERM-TT was cytoplas-
mically distributed. As identified nuclear export sequences are
conserved between FAK and Pyk2 (28), these results indicate
that similar mechanisms may govern FAK and Pyk2 nuclear-
cytoplasmic distributions.

Pyk2 FERM Interaction with p53 and Mdm2—As Pyk2 FERM
reduces p53 levels, co-IP experiments were performed to deter-
mine whether Pyk2 FERM associates with p53 or Mdm?2 (Fig. 4,
F-H). After transient transfection of GFP, GFP-Pyk2 FERM
WT, or GFP-Pyk2 FERM-TT into 293 cells, endogenous p53
strongly associated with WT Pyk2 FERM but only weakly with
Pyk2 FERM-TT (Fig. 4F). A similar result was obtained upon
co-transfection of GFP-Pyk2 FERM constructs with HA-tagged
Mdm?2 (Fig. 4G). No specific binding was observed with GFP
control-transfected cells, and no binding of p53 was detected in
co-IP assays with the GFP-tagged FERM domain from talin
(Fig. 4H). Thus, FERM-mediated association with p53 and
Mdm2 is conserved between Pyk2 and FAK but not with talin.

Pyk2 FERM Promotes Mdm?2-dependent p53 Ubiquitina-
tion—p53 levels in cells are regulated by a balance between
protein expression and degradation (11). The addition of the
MG132 proteasome inhibitor for 3 h before cell lysis blocked
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FIGURE 4.Pyk2 FERM localizes to the nucleus, forms a complex with p53 and
Mdm2, and acts to regulate p53 levels in a kinase-independent manner.
A, shown is a model depicting FAK and Pyk2 similarities. Both proteins contain an
N-terminal FERM domain composed of three subdomains (F1, F2, and F3 lobes),
central kinase domains, proline-rich motifs (shaded boxes), and C-terminal focal
adhesion targeting (FAT) domains. FAK Tyr-397 (Y397) and Pyk2 Tyr-402 (Y402)
are conserved autophosphorylation sites, and FAK Lys-454 (K454) and Pyk2 Lys-
457 (K457) within the kinase domain are necessary for ATP binding. Mutation of
Arg-177 (R177) and Arg-178 (R178) within the FAK F2 lobe FERM domain disrupts
FAK FERM-mediated regulation of p53 (10) and analogous residues Arg-184
(R184) and Arg-185 (R185) are present within the F2 lobe of the Pyk2 FERM
domain. B, Pyk2 reduces p53 levels in a kinase-independent manner. Ad-medi-
ated full-length Pyk2 WT, autophosphorylation site-mutated Pyk2 (F402), and
kinase-inactive Pyk2 (R457) effects on endogenous p53 were detected by anti-
Myc, p53, and actin blotting of human fibroblast lysates. KD, kinase-dead. C, Ad-
mediated Pyk2 FERM WT (residues 39-367) but not F2-lobe mutant (R184T and
R185T) Pyk2 FERM overexpression decreases endogenous p53 levels in human
fibroblasts as determined by immunoblotting. Ad-pShuttle was used as a Mock
control. D, transiently transfected human 293T cells show that GFP-Pyk2 FERM
(39-367) exhibits nuclear accumulation, whereas GFP-Pyk2 FERM (R184T and
R185T, TT) containing F2 lobe point mutations remains cytoplasmically distrib-
uted. The scale bar is 20 um. E, cell fractionation of transiently transfected 293T
cells into cytoplasmic (C) and nuclear (N) fractions reveals nuclear partitioning of
GFP-Pyk2 FERM WT but not of GFP-Pyk2 FERM TT. Anti-GFP blotting was used to
detect GFP-Pyk2 FERM. Poly(ADP-ribose) polymerase (PARP) and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) blotting was used to verify nuclear
and cytoplasmic fractionation, respectively. Numbers below the immunoblot pan-
els represent densitometric analyses of nuclear Pyk2 FERM normalized to poly-
(ADP-ribose) polymerase with WT Pyk2 FERM levels set to 1.0. F, F2 lobe mutation
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FIGURE 5. Pyk2 FERM enhances Mdm2-dependent p53 ubiquitination.
A, MG132 proteasomal inhibition blocks Pyk2 FERM effects on p53.
FAK™/~p21~/~ MEFs were transduced with Ad-vector (—) or Ad-Myc Pyk2
FERM WT for 48 h. MG132 (40 um) was added (3 h) before cell lysis, and immu-
noblotting was performed with p53, Myc (Pyk2 FERM), and actin antibodies.
B,Mdm2is required for FERM-enhanced p53 ubiquitination. Mdm2*/*p53~/~ or
Mdm2 ™/~ p53~/~ MEFs were transduced with Ad-vector (—), Pyk2 FERM-WT,
or Pyk2 FERM-TT adenoviral expression vectors followed by transfection with
FLAG-tagged p53 and Myc-ubiquitin. MG132 was added 3 h before lysis, and
p53 IPs were analyzed by anti-ubiquitin and FLAG-tagged blotting. In cell
lysates Myc immunoblotting detected Pyk2 FERM levels, and anti-actin was
used for loading controls. Experiments were repeated two times.

Pyk2 FERM effects on p53 (Fig. 54), supporting the conclusion
that Pyk2 FERM facilitates p53 turnover. To evaluate Pyk2 FERM
effects on p53 ubiquitination, FLAG-p53 was transfected in
Mdm2*/*p53~/~ and Mdm2 /" p53~/~ MEFs and transduced
with Ad-Pyk2 FERM-WT and Ad-Pyk2 FERM-TT (Fig. 5B).

in Pyk2 weakens the association with endogenous p53. Shown is 293 cell
transfection with GFP, GFP-Pyk2 FERM WT, or GFP-Pyk2 FERM (R184T and
R185T, TT). p53 association with Pyk2 FERM was detected by co-IP using anti-
GFP antibodies and immunoblotting for GFP (top) and p53 (middle). Total
endogenous p53 levels in lysates is shown (bottom). G, F2 lobe mutation in Pyk2
weakens the interaction with Mdm2. 293 cells were co-transfected with
HA-tagged Mdm2 and GFP or GFP-Pyk2 FERM constructs as above. Mdm2 asso-
ciation with Pyk2 FERM was detected by co-IP using anti-GFP antibodies (top) and
anti-HA tag immunoblotting for Mdm2 (middle). Total HA-Mdm2 levels in lysates
is shown (bottom). H, talin FERM does not bind p53. 293 cells were transfected
with GFP, GFP-Pyk2 FERM, or GFP-talin FERM, and p53 association was detected
by co-IP using anti-GFP antibodies and immunoblotting for GFP (top) and p53
(middle). Endogenous p53 levels in lysates are shown (bottom). Overexpression,
fractionation, and co-IP studies were repeated at least two times.
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FIGURE 6. Pyk2 regulation of p53 and ID8 ovarian carcinoma cell growth.
A, Pyk2 but not FAK knockdown increases p53 and p21 levels. ID8 cells were
transduced with lentiviral Scr, FAK, or Pyk2 shRNA, and after 5 days cell lysates
were analyzed by anti-Pyk2, FAK, p53, p21, and actin blotting. B, Pyk2 knock-
down slows ID8 cell proliferation. ID8 cells were transduced with lentiviral Scr
or Pyk2 shRNA and after 48 h analyzed for cell proliferation by cell counting.
Results are the mean cell number = S.D.; n = 3 independent experiments.
C, Pyk2 knockdown triggers G, cell cycle arrest. Cell cycle analysis was deter-
mined by propidium iodide staining and flow cytometry. Day O represents
growing cells before lentiviral shRNA expression. Pyk2 but not FAK or Scr
shRNA-expressing ID8 cells exhibit G, cell cycle arrest after 72 h. D, full-length
Pyk2 re-expression counteracts ID8 Pyk2 shRNA-associated increases in p53
and p21 levels. ID8 cells were infected with lentiviral-associated Scr or Pyk2
shRNA and after 48 h exposed to either mock or adenoviral Myc-Pyk2. At 96 h,
lysates were blotted for Pyk2, p53, p21, Myc, and actin expression. E, Ad-Pyk2
full-length WT re-expression in ID8 Pyk2 shRNA cells promotes cell prolifera-
tion. After 48 h of Scr and anti-Pyk2 shRNA lentiviral transduction in
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Only Pyk2 FERM-WT promoted enhanced p53 ubiquitination,
and this did not occur in Mdm2~'~ MEFs. The lack of Pyk2
FERM-TT activity suggests that nuclear localization or p53-
Mdm?2 binding is required for FERM-enhanced p53 ubiquitina-
tion. These results show that Pyk2 FERM promotes p53 turn-
over through enhanced Mdm?2-associated p53 ubiquitination
and degradation. These results are also consistent with the
hypothesis that Pyk2 FERM serves as nuclear-localized scaffold
to promote Mdm?2-dependent p53 ubiquitination leading to
enhanced p53 proteasomal degradation.

Endogenous Pyk2 Control of ID8 Ovarian Carcinoma Cell
Growth—W e have shown that after genetic or targeted inhibi-
tion of FAK expression, Pyk2 functions to regulate p53 with
effects on cell cycle progression. What remains unknown is
whether endogenous Pyk2 acts to regulate p53 in cells that
express FAK. This question is complicated, as the majority of
adherent cell types express high levels of FAK and only low
levels of Pyk2. However, Pyk2 expression is elevated in breast
(29), prostate (30), and hepatocellular carcinoma tumor pro-
gression (31). As such, we screened a variety of tumor cell lines
known to express wild-type p53 and found that murine ID8
ovarian carcinoma cells express relatively high levels of both
Pyk2 and FAK (Fig. 6A).

Surprisingly, FAK shRNA knockdown did not result in
detectable changes in ID8 p53 or p21 levels (Fig. 6A4), nor did it
affect ID8 cell growth (data not shown) or cell cycle progression
(Fig. 6C). In contrast, Pyk2 shRNA knockdown triggered ele-
vated p53 and p21 levels (Fig. 6A), inhibited ID8 cell prolifera-
tion (Fig. 6B), and was associated with an increased percentage
of ID8 cells in G,/G, and a decreased percentage in S phase of
the cell cycle compared with Scr shRNA controls (Fig. 6C). To
prove the specificity of the Pyk2 knockdown results, human
Myc-tagged Pyk2 was re-expressed in the murine Pyk2 shRNA-
expressing ID8 cells. Pyk2 re-expression reversed the rise in p53
and p21 levels (Fig. 6D) and also promoted ID8 cell prolifera-
tion (Fig. 6E) compared with Pyk2 shRNA-expressing ID8 cells.
Although it remains unclear why Pyk2 (and not FAK) is con-
nected to p53 regulation in ID8 cells, these results reveal impor-
tant roles for endogenous Pyk2 in p53 inhibition and the con-
trol of cell proliferation in certain cell types.

Pyk2 FERM Inhibition of pS3 and p21 with Effects on ID8
BrdUrd Incorporation—To determine whether Pyk2-mediated
control of p53 and ID8 cell proliferation is via the Pyk2 FERM
domain, re-expression of Pyk2 FERM-WT or Pyk2 FERM-TT
were tested for effects on elevated p53 and p21 levels induced by
Pyk2 shRNA knockdown (Fig. 7A). Importantly, Pyk2 FERM-
WT, but not the FERM-TT mutant, reduced p53 levels and
blocked p21 expression as an indicator of p53 inhibition. As ID8
Pyk2 shRNA knockdown results in a G,/G, cell cycle block (Fig.
6C), FERM domain re-expression was tested for the effects on
BrdUrd incorporation as a marker of cell cycle progression (Fig.
7, B and C). BrdUrd incorporation was significantly reduced in
Pyk2 compared with control shRNA ID8 cells (Fig. 7B). Pyk2
FERM WT promoted an ~4-fold increase in ID8 Pyk2 shRNA

ID8 cells, cell proliferation was analyzed by counting. Results are the mean
values = S.D., n = 2 independent experiments. shRNA-associated, cell cycle
analyses, and re-expression experiments were repeated at least two times.
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FIGURE 7. Pyk2 FERM regulation of p53 and ID8 cell growth. A, Ad-Pyk2
FERM expression in ID8 Pyk2 shRNA cells reduces p53 and p21 levels. ID8 cells
were transduced with lentiviral Scr or Pyk2 shRNA and after 48 h transduced
with adenoviral Myc-Pyk2 FERM WT or Myc-Pyk2 FERM (R184T, R185T, TT). At
96 h cell lysates were blotted for Pyk2, p53, p21, Myc-FERM, and actin levels.
B, WT Pyk2 FERM rescues ID8 cell proliferation block upon Pyk2 knockdown.
ID8 cells were lentiviral- and adenoviral-transduced as in panel A,and at 72 h
BrdUrd was added for 16 h followed by cell staining with BrdUrd antibody to
measure changes in S phase cell cycle progression. Mean values = S.D.;n =3
independent experiments are the percent of total GFP (from lentiviral
shRNA)-positive cells. Significance was determined using analysis of variance
and Tukey-Kramer HSD tests. C, representative BrdUrd staining images are
shown. The scale bar is 200 um. shRNA-associated experiments were
repeated at least two times.

cell BrdUrd incorporation, whereas Pyk2 FERM-TT expression
had no effect (Fig. 7, B and C). These results support a con-
served role for Pyk2 FERM-mediated regulation of p53 in cell
growth control for multiple cell types and independent of cell
transformation.

Endogenous Pyk2-p53 Association and Control of ID8 Sur-
vival upon Chemical Stress—The protein kinase inhibitor stau-
rosporine promotes rapid FAK nuclear translocation in
HUVECSs (10). As Pyk2 is important for ID8 cell proliferation,
we tested whether Pyk2 regulation of p53 affects ID8 cell sur-
vival in the presence of staurosporine (Fig. 8). Whereas Pyk2 is
normally perinuclear-distributed, staurosporine (1 um for 2 h)
addition triggered the redistribution of Pyk2 to the nuclear
region of cells (Fig. 84). By cell fractionation, staurosporine
promoted an ~2.5-fold increase in nuclear Pyk2 accumulation
(Fig. 8B). Interestingly, p53 levels increased upon staurosporine
addition to ID8 cells (Fig. 8C), and this was associated with
increased Pyk2-p53 association as determined by co-immuno-
precipitation analyses (Fig. 8C).

We hypothesize that increased Pyk2 nuclear accumulation
and association with p53 may be a pro-survival mechanism in
response to stress. Accordingly, cells with elevated Pyk2 may
delay p53 accumulation and the generation of cell apoptotic
signals. To test this hypothesis, Scr and anti-Pyk2 shRNA-ex-
pressing ID8 cells were treated with 1 um staurosporine for the
indicated times and then analyzed for annexin V staining as a
marker of cell apoptosis (Fig. 8D). Under control conditions,
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Pyk2 shRNA ID8 cells exhibited higher basal levels of annexin V
binding (32.2 versus 11.7%) compared with Scr control, which is
consistent with the slower overall growth rate of Pyk2 shRNA
ID8 cells (Fig. 6B). After 2.5 h of staurosporine treatment the
ratio of Pyk2-Scr shRNA annexin V-positive cells was 40.2 to
13.2%, after 5 h the ratio was 61.3 to 21.9%, and after 12 h the
ratio was 75.0 to 30.8% (Fig. 8D). These results show that Pyk2
knockdown predisposes ID8 cells to staurosporine-induced
apoptosis. Taken together these results support an important
and conserved role for nuclear Pyk2 in mediating p53 inhibition
associated with enhanced cell growth and survival.

Pyk2 FERM Prevents p53-dependent Apoptosis—Previously,
we showed that in human diploid fibroblasts, FAK knockdown
combined with cisplatin treatment promotes p53-dependent
apoptosis (10). To determine whether Pyk2 FERM can func-
tionally substitute for FAK, human fibroblasts were treated
with FAK shRNA, transduced with Ad Myc-Pyk2 FERM WT or
Myc-Pyk2 FERM-TT, and treated with cisplatin (Fig. 9). Com-
pared with Scr shRNA-expressing fibroblasts, FAK knockdown
results in elevated p53 and p21 expression (Fig. 94) and
increased cell death as measured by enumeration of TUNEL
stain of GFP-positive lentiviral sSaRNA-expressing cells (Fig. 9,
B and C). The addition of Pyk2 FERM WT reduced p53 levels,
inhibited p21 expression, and blocked cisplatin-stimulated
apoptosis (Fig. 9, A—C). Conversely, Pyk2 FERM-TT overex-
pression did not alter cisplatin-increased p53 and p21 expres-
sion, nor did it significantly prevent cisplatin-induced apopto-
sis (Fig. 9, A-C). These results show that Pyk2 FERM F2 lobe
function is important in preventing p53-dependent apoptosis.

DISCUSSION

In tissues and cells derived from FAK™/~ mice and in fibro-
blasts from FAK exon 15-deleted mice (32), Pyk2 is expressed,
but its role has remained unclear as it does not efficiently pro-
mote cell motility as a replacement for FAK. Herein, we show
that Pyk2 promotes cell proliferation and survival through
FERM domain-mediated nuclear translocation, p53 binding,
and enhanced Mdm2-dependent p53 ubiquitination leading to
p53 inhibition. Upon genetic FAK inactivation or as a result of
FAK knockdown, Pyk2 regulation of p53 acts as a compensa-
tory and/or adaptive cell survival mechanism (Fig. 10). We
show that Pyk2 FERM domain expression is sufficient to medi-
ate these effects with Pyk2 FERM F2 lobe integrity and nuclear
translocation as important factors. Pyk2 regulation of p53 also
promotes cell survival upon cisplatin or staurosporine-induced
cell stress. Importantly, we also find that Pyk2 connections to
p53 regulation extend to ID8 ovarian carcinoma cells where
both Pyk2 and FAK are endogenously expressed. These results
reinforce the evolutionary conservation of this unique and
important Pyk2-FAK survival pathway not shared by other
FERM-containing proteins such as talin. Additionally, this sur-
vival pathway is independent of integrin regulation (33), as it
requires FERM domain function that through evolution has
maintained a high level of conservation (34).

We found that FAK knockdown was associated with a G, cell
cycle arrest in HUVECs. Within 7 days Pyk2 levels rose under
continued FAK knockdown, and this was associated with
decreased p53 levels and re-entry of HUVECs into the cell cycle.
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FIGURE 8. Nuclear-localized Pyk2 associates with p53 and isimportant for
ID8 survival upon staurosporine stress. A, Pyk2 translocates to the nucleus
upon staurosporine addition to ID8 cells. Confocal immunofluorescent anal-
ysis of endogenous Pyk2 upon DMSO (control) or 1 um staurosporine addition
for 2 h. The scale baris 10 wm. B, shown is ID8 cytoplasmic (C) and nuclear (N)
fractionation of Pyk2 distribution upon DMSO or 1 um staurosporine (stauro)
addition for 2 h. Antibodies to poly(ADP-ribose) polymerase (PARP) and glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) were used to verify
nuclear and cytoplasmic fractionation, respectively. Numbers below the Pyk2
panels are densitometric analyses normalized to poly(ADP-ribose) polymer-
ase and DMSO-treated nuclear Pyk2 value was set to 1.0. C, increased Pyk2
association with p53 upon ID8 staurosporine stress is shown. Total ID8 cell
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FIGURE 9. Pyk2 FERM promotes survival after FAK knockdown and cispla-
tin treatment. A, Pyk2 FERM blocks cisplatin-stimulated increased p53 and
p21 levels. Human fibroblasts were transduced with lentiviral Scr or anti-FAK
shRNA and after 48 h infected with adenoviral Myc-Pyk2 FERM WT or Myc-
Pyk2 FERM (R184T, R185T, TT) (24 h). At 72 h cells were treated with cisplatin
(10 wg/ml), and at 96 h, lysates were immunoblotted FAK, p53, p21, Myc tag
(Pyk2 FERM), and actin. B, human fibroblasts were transduced with the indi-
cated lentiviral shRNA and Ad-Pyk2 FERM as in A and treated with cisplatin (20
ng/ml) for an additional 24 h. Cells were analyzed for apoptosis by TUNEL
staining. Mean values are the percent of total GFP-positive cells = S.D.;n = 2
independent experiments. Significance was determined using analysis of
variance and Tukey-Kramer HSD tests. C, representative images of FAK
shRNA-expressing fibroblasts transduced with either Pyk2 FERM WT or Pyk2
FERMTT after cisplatin addition. Shown are GFP (lentiviral sShRNA) and TUNEL
staining of the same field (10X magnification). shRNA-associated experi-
ments were repeated at least two times.

Inboth FAK™/~p21~/~ MEFs and ID8 ovarian carcinoma cells,
knockdown of endogenous Pyk2 resulted in elevated p53 levels
and cell growth inhibition that was rescued by p53 inactivation
or exogenous Pyk2 FERM domain re-expression. Pyk2 FERM
associated with p53 and Mdm2 and Pyk2 FERM point muta-
tions (R184T, R185T, TT) decreased these interactions as well
as prevented Pyk2 FERM nuclear localization and FERM-en-
hanced p53 ubquitination. As Pyk2 FERM effects on p53 were
blocked by the MG132 proteasome inhibitor, our studies sup-
portarole for the Pyk2 FERM domain acting as nuclear scaffold
to facilitate p53 degradation.

Importantly, staurosporine-induced cell stress promoted
endogenous ID8 Pyk2 nuclear accumulation and Pyk2-p53
interaction. As Pyk2 FERM but not Pyk2 FERM-TT can also
rescue cisplatin-triggered and p53-dependent human fibro-

lysates blotted for p53 and actin levels are shown. Right, control mouse IgG or
anti-p53 IPs immunoblotted for Pyk2 and p53 before and after staurosporine
addition (2 h). D, knockdown of Pyk2 increases the rate of ID8 apoptosis after
staurosporine (Stauro) addition. Scr (red histogram) and anti-Pyk2 shRNA (blue
histogram) expressing ID8 cells were treated with DMSO or 1 um staurospo-
rine for the indicated times and then analyzed for annexin V binding by flow
cytometry. Percent of total annexin V-positive cells within the gated region is
indicated. Fractionation, co-IP, and annexin V staining experiments were
repeated at least two times.
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Pyk2 FERM Regulation of p53
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FIGURE 10. Model of FAK- and/or Pyk2-associated affects on p53 regulat-
ing cell proliferation and survival. Loss of FAK expression leads to elevated
p53 levels, p53-mediated activation of targets such as the p21 cyclin-depend-
ent kinase inhibitor, and a block in proliferation detected as a G,/G, cell cycle
arrest (red arrows). Adaptive or compensatory elevation in Pyk2 levels occurin
mice and in cell culture to counteract p53 activation, leading to a reduction in
p21 levels and allowing for cell cycle re-initiation as detected by BrdUrd incor-
poration (green arrows). We show that Pyk2 FERM domain expression is suffi-
cient to mediate these effects with Pyk2 FERM F2 lobe integrity and nuclear
translocation as important factors. Pyk2 regulation of p53 also promotes cell
survival upon cisplatin or staurosporine-induced cell stress. Cells that express
high levels of FAK or Pyk2 may be more resistant to apoptotic stimuli by
preventing excessive p53 activation.

blast apoptosis, our results support the notion that Pyk2 func-
tions to promote cell survival independently of FAK.

Our results also add a new level of complexity to the inter-
pretation of FAK knock-out mice phenotypes. For instance,
inactivation of FAK in ECs during development has yielded
lethal phenotypes with growth defects in culture potentially
due to p53 activation (9, 35), whereas conditional inactivation
of FAK in adult mouse ECs yields no distinct phenotype in part
as a result of up-regulated Pyk2 expression (17). Similarly, con-
ditional FAK knock-out in skin has yielded keratinocytes that
show high levels of apoptosis in cell culture (36, 37), whereas
another group has successfully established FAK /" keratino-
cytes in culture by growing on feeder cells (38). Notably, feeder-
initiated FAK ™/~ keratinocytes express Pyk2, and these cells
exhibit elevated levels of Rho GTPase activity compared with
normal keratinocytes. This phenotype is very similar to that of
FAK /" p53~/~ MEFs where Pyk2 kinase-dependent signaling
promotes elevated expression of the guanine nucleotide
exchange factor, p190RhoGEF (18).

Another question raised by our studies is whether there may
be biologically relevant roles for the generation of N-terminal
fragments of Pyk2 or FAK. Interestingly, alternative FAK tran-
scripts (containing exon 18a) with a premature stop codon have
been detected in human brain corresponding to a putative FAK
protein encompassing the FAK FERM domain (34). However,
cellular and environmental context may dictate whether FAK
or Pyk2 FERM domains function in a positive or negative fash-
ion. This is due to the fact that FAK FERM overexpression can
inhibit FAK tyrosine phosphorylation in trans (39) and block
FAK signaling, promoting cytokine gene expression (40).
Expression of the Pyk2 FERM domain can similarly function to
inhibit Pyk2 phosphorylation as well as reduce glioma tumor
progression (41, 42). Exogenous Pyk2 FERM also inhibits Pyk2
kinase activity in cardiomyocytes, leading to the inhibition of
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phenylephrine-induced atrial natriuretic factor secretion (43).
Interestingly, FAK negatively regulates atrial natriuretic factor
secretion in cardiomyocytes, suggesting that Pyk2 and FAK can
make distinct signaling connections when co-expressed in cells.

This separation of function for Pyk2-FAK is consistent with
our findings in ID8 carcinoma cells where Pyk2 and FAK are
equally expressed, but only Pyk2 was selectively was connected
to p53 regulation. Because ~50% of ovarian cancers contain
wild-type p53 (44), elevated FAK levels and tyrosine phosphor-
ylation are associated with invasive ovarian cancer (45), and
Pyk2 signaling has been connected to increased ovarian carci-
noma telomerase activity (46), future studies will be aimed at
elucidating both the conserved and differential signaling roles
of FAK and Pyk2 in ovarian cancer tumor progression.
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Legends to Supplemental Figures
Table I. Primers used for PCR cloning, PCR mutagenesis and lentiviral sShRNA knockdown.

Supplemental Figure. 1. FAK knockdown in HUVECS. (A) Loss of FAK does not trigger apoptosis.
Allophycocyanin-conjugated annexin V staining of growing (Day 0, filled) or staurosporine-treated (1 uM,
12 h) HUVECs shown as negative and positive controls, respectively. Lentiviral-mediated expression of
FAK and Scr shRNA were evaluated for effects on cell apoptosis after 4 and 7 days. Knockdown of FAK
(red line) did not increase annexin V staining compared to Scr control (blue line), annexin positive
population was gated. The gated region was constant and was set using staurosporine treatment of HUVECs.
(B) FAK, Pyk2, p53 levels after lentiviral-mediated anti-FAK or control scrambled (Scr) shRNA expression
in HUVECs as determined. Actin was used as a loading control. Days 4 or 7 are time after initial infection.

Supplemental Figure 2. Pyk2 knockdown does not increase FAK-/-p21-/- MEF apoptosis. APC-annexin
V staining of growing (Day 0, filled) or staurosporine-stressed (1 uM, 12 h) FAK-/-p21-/- fibroblasts shown
as negative and positive controls, respectively. Lentiviral-mediated expression of Scr or Pyk2 shRNA were
evaluated for effects on cell apoptosis after 3 days. Pyk2 knockdown did not increase annexin V staining
compared to Scr control. The gated region was constant and was set using staurosporine treatment. (B) Pyk2
shRNA-expressing FAK-/-p21-/- MEFs grow slower than scrambled shRNA control. Passage 10 FAK-/-
p21-/- MEFs were transduced with different anti-mouse lentiviral Pyk2 shRNA constructs and cell growth
over 4 days was compared to scrambled (Scr) control ShRNA. Resulting cell counts from 3 dishes at each
experimental day are mean cell number + SD.
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Supplemental Table 1. Primers used for PCR cloning, PCR mutagenesis and shRNA.

Primer Sequence Note
Pyk2_Bgll-5’ 5’-gcaggagatctcgtatcctcaaggtctgettc-3’ Pyk2 39-367 cloning

Bgll underlined
Pyk2_Xbal-3’ 5’-gctcgictagacctaggatggatgatgagaga-3 Pyk2 39-367 cloning

Xbal underlined
Pyk2 FERM 5’-cagctgggcetgectggagttaacgacgticttcaaggatat-3’ R184T/R185Tmutagenesis
R184T/R185T-5’ Mutated sequences underlined
Pyk2 FERM 5’-tttaagcttttacctaggatggatgatgagagagccttg-3’ R184T/R185Tmutagenesis

R184T/R185T-3’

Mutated sequences underlined

Pyk2_FERM_Hindlll-5’

5'-tttaagcttcgtatcctcaaggtcetgcttctatage-3’

Ad-Myc-Pyk2 FERM subcloning
Hindlll underlined

Pyk2_FERM_HindllI-3’

5'-tttaagcttttacctaggatggatgatgagagagccttg-3’

Ad-Myc-Pyk2 FERM subcloning
Hindlll underlined

Mouse Pyk2 shRNA-5’
#1

5-tGAAGTAGTTCTTAACCGCAttcaagagaTGCGGTTAAGAACTA
CTTCttittc-3’

shRNA cloning

Mouse Pyk2 shRNA-3’
#1

5’-TCGAgaaaaaaGAAGTAGTTCTTAACCGCATC ctctigaaTGCGG
TTAAGAACTACTTCa-3’

5'TCGA is Xhol overhang

Mouse Pyk2 shRNA-5’
#2

5-tAGCCTCTGTGACACGTCTAticaagagaTAGACGTGTCACAGA
GGCT ttttttc-3’

shRNA cloning

Mouse Pyk2 shRNA-3’
#2

5-TCGAgaaaaaaGAAGTAGTTCTTAACCGCATCtctcttgaaGTGCG
GTTAAGAAGAACTAa-3’

5'TCGA is Xhol overhang

Mouse FAK shRNA-5’
#1

5-IGAATGGCAGCTGCTTATCTTtcaagagAAGATAAGCAGCTGCC
ATTCtttttt c-3

shRNA cloning

Mouse FAK shRNA-3’
#1

5'-TCGAgaaaaaaGAATGGCAGCTGCTTATCTTctctigaAAGATAAG
CAGCTGCCATTCa-3'

5'TCGA is Xhol overhang

Mouse FAK shRNA-5’
#2

5-iIGAAGGGATCAGTTACCTGAttcaagagal CAGGTAACTGATCCC
TTCTTitttc-3’

shRNA cloning

Mouse FAK shRNA-3’
#2

5-
TCGAgaaaaaaGAAGGGATCAGTTACCTGATCicttgaaTCAGGTAA
CTGATCCCTTCa-3¥

5'TCGA is Xhol overhang

Human FAK shRNA-5’
#1

5'tGAACCTCGCAGTCATTTATTtcaagagAATAAATGACTGCGA
GGTTCittttttc-3'

shRNA cloning

Human FAK shRNA-3’
#1

5'-TCGAgaaaaaaGAACCTCGCAGTCATTTATT TctcttgaAATAAATGAC
TGCGAGGTTCa-3'

5'TCGA is Xhol overhang

Human FAK shRNA-5’
#2

5 tGGCATTTATATGAGTCCAGTtcaagagACTGGACTCATATAAA
TGCCTtttttc-3’

shRNA cloning

Human FAK shRNA-5’
#2

5’-TCGAgaaaaaaGAACCTCGCAGTCATTTATTCAGTCtcttgaaCTGG
ACTCATATAAATGCCa3’

5'TCGA is Xhol overhang

5’ primer represents forward and 3’ for reverse primers. Italicized characters are accessory components of SIRNA.
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