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Abstract The signal transduction mechanisms of pituitary
adenylate cyclase activating polypeptide (PACAP) were
investigated in lung cancer cells. Previously, PACAP-27
addition to NCI-H838 cells increased phosphatidylinositol
turnover and intracellular cAMP leading to proliferation of
lung cancer cells. Also, PACAP receptors (PAC1) regulated
the tyrosine phosphorylation of ERK, focal adhesion kinase,
and paxillin. In this communication, the effects of PACAP
on cytosolic Ca2+ and PYK-2 tyrosine phosphorylation were
investigated. PACAP-27 increased cytosolic Ca2+ within
seconds after addition to FURA-2 AM loaded NCI-H838
cells. The increase in cytosolic Ca2+ caused by PACAP was
inhibited by PACAP(6–38) (PAC1 antagonist), U73122
(phospholipase C inhibitor), or BAPTA (calcium chelator),
but not H89 (PKA inhibitor). PACAP-38, but not vasoactive
intestinal peptide (VIP), addition to NCI-H838 or H1299
cells significantly increased the tyrosine phosphorylation
of PYK-2 after 2 min. The increase in PYK-2 tyrosine
phosphorylation caused by PACAP was inhibited by PACAP
(6–38), U73122, or BAPTA, but not H89. The results suggest
that PAC1 regulates PYK-2 tyrosine phosphorylation in a
calcium-dependent manner.

Keywords PACAP . Signal transduction . Tyrosine
phosphorylation . PYK-2

Abbreviations
PACAP Pituitary adenylate cyclase activating

polypeptide
PYK-2 Proline-rich tyrosine kinase 2
FAK Focal adhesion kinase
R Receptor
SCLC Small cell lung cancer
NSCLC Non-SCLC
VIP Vasoactive intestinal peptide
Ca2+ Calcium
GPCR G-protein coupled receptor
pY Phosphotyrosine

Introduction

Proline-rich tyrosine kinase (PYK-2), a member of the focal
adhesion kinase (FAK) family, is a non-receptor tyrosine
kinase which may play a role in cellular proliferation,
differentiation, and migration (Picascia et al. 2002;
Kuwabara et al. 2004; Lipinski and Loftus 2010). PYK-
2 is activated by an increase in cytoplasmic Ca2+ which
occurs after addition of vasopressin or platelet-derived
growth factor (Lev et al. 1995). PYK-2 is a 116-kDa
protein which is phosphorylated (Tyr402) after activation
of the phospholipase C pathway (Zrihan-Licht et al.
2000). PYK-2 has a central catalytic domain flanked by
an N-terminal which has SH2- and SH3-binding sites and a
C-terminal, which contains two proline-rich domains
(Hall et al. 2011). The C-terminal of PYK-2 interacts with
paxillin, a scaffold protein, which coordinates Rho family
GTPases regulating the actin skeleton (Bellis et al. 1997).
Paxillin is phosphorylated by FAK or PYK-2 at Tyr118

and phosphorylated paxillin provides a docking site for
recruitment of other proteins to focal adhesions (Schaller
et al. 1992).
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G-protein coupled receptors (GPCR) such as PAC1
regulate FAK and paxillin tyrosine phosphorylation (Moody
et al. 2012a, b). PAC1, which contains 467 amino acids,
crosses the plasma membrane seven times and has a 28 amino
acid HOP1 splice variant (SV) and/or 28 amino acid HIP SV
insert in the third cytosolic domain (Pisegna and Wank 1993;
Spengler et al. 1993). All PAC1 SV interact with a stimulatory
guanine nucleotide binding protein (Gs) causing elevated
cAMP (Moody and Jensen 2006). PAC1 HOP1 SV interacts
strongly with Gq causing phosphatidylinositol (PI) turnover
(Pisegna and Wank 1996). Because PACAP binds with high
affinity to PAC1, PACAP addition to lung cancer cells
increases cAMP and PI metabolites. The inositol-1,4,5-
trisphosphate (IP3) released causes elevation of cytosolic
Ca2+. In contrast, VIP binds with low affinity to PAC1
but high affinity to VPAC1 and VPAC2 (Ishihara et al.
1992; Lutz et al. 1993). Addition of VIP to lung cancer
cells increases cAMP but does not cause PI turnover
(Lee et al. 1990).

Lung cancer is characterized by high densities of VPAC1
and PAC1 but not VPAC2 (Reubi et al. 2000; Moody et al.
2003a). PACAP and VIP are autocrine growth factors for
some lung cancer cells. The growth of NCI-H838 cells is
stimulated by PACAP as well as VIP and inhibited by the
receptor antagonists PACAP(6–38) as well as VIPhybrid
(Moody et al. 2003b; Zia et al. 1995). VIPhybrid potentiates
the cytotoxicity of chemotherapeutic drugs such as pac-
litaxel using lung cancer cells (Moody et al. 2001).
Traditionally, lung cancer is treated with chemotherapeu-
tic drugs but the 5-year patient survival rate is only
16 % (Sheddon et al. 2008). Lung cancer is comprised
of the neuroendocrine small cell lung cancer (SCLC)
and the epithelial non-SCLC (NSCLC). PYK-2 is
expressed in high levels in 62 % of the NSCLC tumors
and higher expression of PYK-2 was present in lymph
node metastases (Zhang et al. 2008). The results indi-
cate that PYK-2 may be important in NSCLC.

Here the ability of PAC1 to regulate PYK-2 tyrosine
phosphorylation was investigated in NSCLC cells. PACAP-
27, but not VIP, increased significantly PYK-2 tyrosine
phosphorylation in a dose- and time-dependent manner.
The increase in PYK-2 tyrosine phosphorylation was
inhibited by PACAP(6–38) and U-73112 (phospholipase
C inhibitor) but not H89 (protein kinase (PK) A inhibitor).
Addition of PACAP to NCI-H838 cells increased cytosolic
Ca2+ which was blocked by U-73112 but not H89. These
results suggest that PAC1 regulates PI turnover and the
resulting elevation in cytosolic Ca2+ is important for PYK-2
activation. Furthermore, BAPTA (calcium chelator) and
PP2 (Src inhibitor) inhibited the ability of PACAP to
cause PYK-2 phosphorylation. These results indicate that
PYK-2 tyrosine phosphorylation in NSCLC cells is Ca2+

dependent.

Materials and Methods

Cell Culture

NSCLC NCI-H157, A549, NCI-H727, NCI-H838, or
NCI-H1299 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium containing 10 % heat-
inactivated fetal bovine serum (FBS; Invitrogen, Grand
Island, NY, USA). Routinely, the cells were split weekly
1:20 with trypsin EDTA. The cells were mycoplasma
free and were used when they were in exponential
growth phase after incubation at 37°C in 5 % CO2/
95 % air.

Western Blot

The ability of PACAP to stimulate tyrosine phosphorylation
of PYK-2 was investigated by Western blot. NCI-H838
or H1299 cells were cultured in 10-cm dishes. When a
monolayer of cells formed, they were placed in RPMI-
1640 containing 5 μg/ml insulin, 10 μg/ ml transferrin,
and 3×10−8 M sodium selenite (SIT media) for 3 h.
NSCLC cells were treated with BAPTA, GF109203X,
H89, PACAP(6–38), PP2, or U73122 (Sigma-Aldrich,
St. Louis, MO, USA) for 30 min. Then cells were treated
with 100 nM PACAP-27 (Bachem, Torrence, CA, USA)
for 2 min, washed twice with PBS, and lysed in buffer
containing 50 mM Tris–HCl (pH 7.5), 150 mM sodium
chloride, 1 % Triton X-100, 1 % deoxycholate, 1 % sodium
azide, 1 mM ethylene glycol tetraacetic acid (EGTA),
0.4 M EDTA, 1.5 μg/ml aprotinin, 1.5 μg/ml leupeptin,
1 mM phenylmethylsulfonyl fluoride, and 0.2 mM sodium
vanadate (Sigma-Aldrich). The lysate was sonicated for
5 s at 4°C and centrifuged at 10,000 × g for 15 min. Protein
concentration was measured using the BCA reagent (Pierce
Chemical Co., Rockford, IL, USA), and 20 μg of protein
was denatured in sample buffer. The samples were
assayed by sodium dodecyl sulfate gel electrophoresis
followed by transfer of the proteins from the gel to
nitrocellulose. The nitrocellulose containing transferred
proteins was washed with 12.5 % non-fat milk containing
50 mM Tris–HCl (pH 8.0), 2 mM CaCl2, 80 mM sodium
chloride, 0.05 % Tween 20, and 0.02 % sodium azide, and
incubated for 16 h at 4°C with 1 μg/ml anti-PY402-PYK-2
antibody (Cell Signaling Technologies, Danvers, MA, USA)
followed by anti-rabbit immunoglobulin G-horseradish
peroxidase conjugate (Upstate Biotechnologies, Lake Placid,
NY, USA). The membrane was washed for 10 min with
blotto and twice for 10 min with washing solution [50 mM
Tris–HCl (pH 8.0), 2 mM CaCl2, 80 mM sodium chloride,
0.05 % Tween 20, and 0.02 % sodium azide]. The blot was
incubated with enhanced chemiluminescence detection
reagent (Pierce Chemical Co.) for 5 min and exposed
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to Kodak XAR film. The intensity of the bands was
determined using a densitometer. Alternatively, blots
were probed with anti-PYK2 or anti-tubulin antibody.

Cytosolic Ca2+

NCI-H838 cells were assayed for cytosolic Ca2+. NCI-H838
cells were rinsed in PBS and treated with trypsin. The cells
were placed in an equal volume on RPMI-1640 containing
10 % fetal bovine serum and counted using a hemocytometer.
The cells were centrifuged at 1,000 × g for 3 min and the pellet
resuspended in SIT media at a concentration of 2×106 cells/ml
and incubated 1 μg/ml Fura-2 AM (Sigma Aldrich) for 30 at
37°C for 30min. The cells were centrifuged and resuspended in
SITmedia at a concentration of 2×106 cells/ml. The cells (2ml)
were put in a quartz cuvette and excited at 340 and 380 nmwith
an emission wavelength of 510 nm in a Photon Technology
Corporation spectrophotometer. Drugs, e.g., H89, were added
at 37°C for 5 min, followed by the addition of PACAP-27
(100 nM). As a positive control, ionomycin (5 μg/ml) was
added and the increase in cytosolic Ca2+ determined.

Results

The mechanism by which PACAP increases cytosolic Ca2+

in lung cancer cells was investigated. NCI-H838 cells were
loaded with Fura-2 AM and 100 nM PACAP-27 added.
Figure 1 (left) shows that relative fluorescence intensity
rapidly increased within seconds after addition of PACAP
to NCI-H838 cells. The fluorescence intensity peaked after
about 15 s and slowly declined, returning to basal levels
after about 2 min. Using a second set of Fura-2 loaded cells,
50 μM H89, which inhibits protein kinase (PK) A, had no
effect on the basal fluorescence intensity or that stimulated
by PACAP-27 addition (Fig. 1, middle). Using a third set of
NCI-H838 cells, 50 μMU73122, which inhibits phospholipase
(PL) C, had little effect on basal fluorescence but abolished the

ability of PACAP-27 to increase the fluorescence. In contrast,
U73122 had little effect on the ability of 5 μM ionomycin
(Ca2+ ionophore) to increase cytosolic Ca2+ (data not shown).
Similar Ca2+ results were obtained using PACAP-38 but
not VIP (data not shown). The results indicate that PLC
but not PKA inhibitors impair the ability of PACAP to
increase cytosolic Ca2+ in lung cancer cells.

The ability of various inhibitors to impair the increase in
cytosolic Ca2+ caused by PACAP was investigated. Table 1
shows that 1 μM BAPTA (Ca2+ chelator) or U73122
blocked the increase in the relative fluorescence caused by
addition of 100 nM PACAP-27 to Fura-2 AM loaded NCI-
H838 cells. In contrast, 5 μM GF109203X (PKC inhibitor),
1 μM PP2 (Src inhibitor), or H89 did not block the increase
in cytosolic Ca2+ caused by the addition of PACAP-27 to
NCI-H838 cells (Table 1). Similar results were obtained
using NCI-H1299 cells (data not shown). The results
indicate that Ca2+ chelators and PLC inhibitors but not Src,
PKC, or PKA inhibitors impair the ability of PACAP to
increase cytosolic Ca2+ in lung cancer cells.

PYK-2 was investigated in NSCLC cells. Figure 2a
shows that a major band of immunoreactive PYK-2
(116 kDa) was present in extracts derived from all cell lines
tested (NCI-H157, A549, NCI-H727, NCI-H838, and NCI-
H1299). Similarly, the housekeeping protein tubulin (55 kDa)
was present in the five cell lines tested (Fig. 2b). Because high
densities of PAC1 were present in NCI-H838 cells (Moody et
al. 2003b), this line was used for further studies.

The effects of PACAP-27 on PYK-2 tyrosine phosphor-
ylation were investigated using NCI-H838 cells. Previous
studies demonstrate that Y402-PYK-2 phosphorylation is
essential for PYK-2 activation and recruitment of c-Src
(Calaib et al. 1995). Figure 3a shows that addition of
100 nM PACAP-27 or PACAP-38, but not VIP or PACAP
(6–38), to NCI-H838 cells increased Y402-PYK-2 phosphor-
ylation. Total PYK-2 did not change with PACAP adminis-
tration (Fig. 3a). Figure 3b shows that addition of PACAP-
27 or PACAP-38 to NCI-H838 cells significantly increased

Fig. 1 PACAP-27 causes
increased cytosolic calcium.
PACAP-27 (100 nM) addition
to NCI-H838 cells loaded
with Fura2-AM increased
the cytosolic Ca2+ in the
presence of no additions (left),
50 μM H89 (middle), or
50 μM U73122 (right). This
experiment is representative
of two others
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phosphorylated PYK-2 by 106 % and 75 %, respectively. In
contrast, PACAP(6–38) or VIP had little effect on phosphory-
lated PYK-2. Figure 3c shows that PACAP(6–38) antagonized
the increase in PYK-2 tyrosine phosphorylation caused by
PACAP-27 addition to NCI-H838 cells. PACAP(6–38)
(0.01 μM) had little effect whereas 0.1 or 1 μM moderately
and 10 μM PACAP(6–38) strongly decreased the ability of
PACAP-27 to increase PYK-2 tyrosine phosphorylation.
Figure 3d shows that PACAP-27 addition to NCI-H838
cells increased significantly PYK-2 tyrosine phosphorylation
by 78 % and that PACAP(6–38) half-maximally inhibited
the increase at a 0.2-μM concentration. The results suggest
that PACAP increases PYK-2 tyrosine phosphorylation by
interacting with PAC1 in NCI-H838 cells.

The mechanism by which PYK-2 is phosphorylated was
investigated. Figure 4a shows that addition of BAPTA
strongly and GF109203X moderately inhibited the increase
in PYK-2 tyrosine phosphorylation caused by PACAP addition
to NCI-H838 cells. Figure 4b shows that PACAP significantly

increased PYK-2 tyrosine phosphorylation by 116 %.
BAPTA significantly decreased the ability of PACAP-27
to increase PYK-2 tyrosine phosphorylation. Figure 4c
shows that addition of H89 to NCI-H838 cells had little
effect on the ability of PACAP to cause PYK-2 tyrosine
phosphorylation, whereas U73122 inhibited the increase
in PYK-2 tyrosine phosphorylation caused by PACAP.
Figure 4d shows that PACAP significantly increased
PYK-2 tyrosine phosphorylation by 71 %. U73122, but not
H89, significantly inhibited the ability of PACAP to increase
PYK-2 tyrosine phosphorylation. The results indicate that
PLC activity and cytosolic Ca2+ are important in the ability
of PAC1 to regulate PYK-2 tyrosine phosphorylation.

Discussion

GPCR are known to regulate PYK-2 tyrosine phosphorylation
in SCLC cells (Rolle et al. 2008). Addition of 10 μM galanin
(GAL) or bradykinin (BK) increased PYK-2 tyrosine
phosphorylation and cytosolic Ca2+ in NCI-H69 and NCI-
H510 SCLC cells. The increase in PYK-2 phosphorylation
caused by GAL or BK addition to NCI-H69 cells was blocked
by BAPTA. Similarly, PP2 blocked the increase in PYK-2
and ERK tyrosine phosphorylation caused by addition
of GAL or BK to NCI-H69 cells. These results suggest that
GPCR regulate SCLC PYK-2 tyrosine phosphorylation in a
Src- and Ca2+-dependent manner. Here, the ability of GPCR to
regulate PYK-2 tyrosine phosphorylation was investigated in
NSCLC cells.

FAK, similar to PYK-2, phosphorylates downstream
substrates and acts as a scaffolding protein in the assembly
of signaling complexes (Hall et al. 2011). FAK is activated
by growth factor receptors and integrin signaling, whereas
PYK-2 is activated by growth factors and increases in
cytosolic Ca2+ concentrations. PACAP caused PYK-2 tyrosine
phosphorylation within 2 min after addition to NCI-H838 or
NCI-H1299 NSCLC cells. The effects were Ca2+ dependent in
that addition of PACAP to NCI-H838 cells treated with
BAPTA had little effect on PYK-2 phosphorylation. PACAP-
27 addition to NCI-H838 cells loaded with Fura2-AM strongly
increased cytosolic Ca2+. Addition of BAPTA inhibited the
increase in cytosolic Ca2+ caused by PACAP. The results
suggest that PACAP increases PYK-2 tyrosine phosphorylation
in a Ca2+-dependent manner.

Cholecystokinin (CCK) causes tyrosine phosphorylation
of PYK-2 and FAK using pancreatic acini and elevates
cytosolic Ca2+ (Pace et al. 2003). CCK increased PYK-2
phosphorylation at Y402, Y580, or Y881 within 2 min after
addition to pancreatic acini. Addition of thapsigargin, which
depletes the endoplasmic reticulum of Ca2+, inhibits the
ability of CCK to increase cytosolic Ca2+ and increase
Y402-PYK-2 phosphorylation. Thapsigargin had no effect,

Table 1 Ability to inhibit the PACAP cytosolic Ca2+ response and
PYK-2 tyrosine phosphorylation

Addition Ca2+

response
PYK-2 tyrosine
phosphorylation

None + +

BAPTA, 1 μM − −

GF109203X, 5 μM + +/−

H89, 50 μM + +

PACAP(6-38), 10 μM − −

PP2, 1 μM + −

U73122, 50 μM − −

PACAP-27 (100 nM) was added to Fura2-AM loaded NCI-H838 cells
and the Ca2+ response determined after 15 s. PACAP-27 (100 nM) was
added to NCI-H838 cells and the PYK-2 tyrosine phosphorylation
determined after 2 min; +, stimulation; +/−, partial inhibition; −,
complete inhibition. These experiments were repeated four times

Fig. 2 PYK-2 and lung cancer. a PYK-2 was detected in NCI-H157,
A549, NCI-H727, NCI-H838, and NCI-H1299 cellular extracts by
Western blot. b Tubulin was present in all cell lines. This experiment
is representative of three others
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Fig. 3 Phosphorylated PYK-2
and NCI-H838 cells. a PYK-2
tyrosine phosphorylation was
determined 2 min after the
addition of 100 nM PACAP-27,
VIP, PACAP(6–38), or PACAP-
38 (100 nM) to NCI-H838
cells. b The mean value + SE of
three experiments is indicated;
**P<0.01, using Student’s t
test. c The ability of varying
doses of PACAP(6–38) to
inhibit increases in PYK-2
tyrosine phosphorylation by
PACAP-27 was investigated.
d The mean value + SE of
three experiments is indicated;
*P<0.05, **P<0.01, using
Student’s t test

Fig. 4 Inhibitors of PYK-2
tyrosine phosphorylation.
a The ability of 1 μM BAPTA
or 5 μM GF109203X to
inhibit PYK-2 tyrosine
phosphorylation caused by
PACAP-27 was determined.
b The mean value + SE of
four experiments is indicated;
*P<0.05, **P<0.01, using
Student’s t test. c The ability of
H89 (50 μM) or U73122
(50 μM) to inhibit PYK-2 tyro-
sine phosphorylation induced
by PACAP-27 was investigated.
d The mean value + SE of
three experiments is indicated;
**P<0.01, using Student’s t test
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however, on the ability of CCK to increase phosphorylation of
Y397-FAK (Pace et al. 2003). Also, PYK-2 was primarily
localized to the membrane of pancreatic acinar cells, where
FAK was in the cytosol (Tapia et al. 1999). Furthermore, the
ability of CCK to increase phosphorylation of Y402-PYK-2
was partially inhibited by GF109203X addition to pancreatic
acini, whereas FAK tyrosine phosphorylation was unaffected
(Tapia et al. 1999). Our results indicate that the ability of
PACAP to cause Y402-PYK-2 phosphorylation is totally
dependent on Ca2+ and partially dependent on PKC activity.

The specificity of the PYK-2 tyrosine phosphorylation was
investigated. PACAP-27 or PACAP-38, but not VIP, caused
increased PYK-2 tyrosine phosphorylation 2min after addition
to NCI-H838 cells. Also, the increased in PYK-2 tyrosine
phosphorylation caused by PACAP addition to NCI-H838
cells was antagonized by PACAP(6–38). Further PACAP-
27 or PACAP-38, but not VIP, increased cytosolic Ca2+ within
seconds after addition to NCI-H838 cells. The increase
in cytosolic Ca2+ caused by PACAP was blocked
PACAP(6–38). The results suggest that PAC1 regulates
the increase in PYK-2 tyrosine phosphorylation and the
increase in cytosolic Ca2+.

PYK-2 binds to SH2 and SH3 domains of Src kinases (Dikic
et al. 1996). Tyr402 of PYK-2 is the major phosphorylation
site of Src family SH2 binding sites. PP2 inhibited the
increase in PYK-2 phosphorylation caused by PACAP
addition to NCI-H838 cells (Table 1). Previously, Wittau
et al. (2000) showed that Src co-immunoprecipitated with
PYK-2 in SCLC cells. Src kinase activity is essential for
GTP loading of Ras and activation of extracellular
signal-regulated kinases (ERK). Previously, we showed
that PACAP caused ERK tyrosine phosphorylation in
NCI-H838 cells which was inhibited by PD98059, a MEK
inhibitor (Moody et al. 2002). In contrast, PD98059 had no
effect on the ability of PACAP to cause PYK-2 tyrosine
phosphorylation (data not shown). These results indicate that
PACAP activation of PYK-2 is dependent upon Src; however,
Src activity is not essential for elevation of cytosolic Ca2+.
Furthermore, ERK activation is downstream from that of
PYK-2 or Src.

Recently, we found that PACAP addition to NCI-H838
cells increased Y1068-epidermal growth factor receptor
(EGFR) phosphorylation after 1 min (Moody et al. 2012a,
b). Because PP2 but not BAPTA inhibited the ability of
PACAP to increase EGFR tyrosine phosphorylation, it is
Src but not Ca2+ dependent. Furthermore, the EGFR tyrosine
kinase inhibitor gefitinib and PACAP(6–38) inhibited the
ability of PACAP to increase EGFR tyrosine phosphorylation.
In contrast, gefitinib had no effect on the ability of PACAP to
increase PYK-2 tyrosine phosphorylation (data not shown).
Both gefitinib and PACAP(6–38) inhibited the proliferation of
NCI-H838 cells. PAC1 activates Akt leading to increase
cellular survival (May et al. 2010).

Catalytic inhibitors for PYK-2 have been developed.
TAE226 is a bis-anilino pyrimidine compound which inhibits
the ATP binding site of PYK-2 and FAK with an IC50 of 5 nM
(Liu et al. 2007). TAE226 impairs the PYK-2 and FAK
reducing enzymatic activity. TAE226 inhibited ovarian and
glioma tumor growth in animal models (Halder et al. 2007).
PF-562,271 is a methane sulfonamide diaminopyrimidine
which inhibits ATP binding to FAK and PYK-2 with IC50

values of 2 and 13 nM, respectively (Roberts et al. 2008). PF-
562,271 alters the protein conformation in FAK and PYK-2.
PF-562,271 inhibited the growth of prostate, breast, pancreatic,
and colon tumors in nude mice. The results suggest that
FAK and/or PYK-2 inhibitors reduce the proliferation
and/or migration of cancer cells (Lipinski et al. 2005).

In summary, PAC1 regulates the tyrosine phosphorylation
of PYK-2 using NCI-H838 NSCLC cells. Because BAPTA
strongly inhibited PYK-2 tyrosine phosphorylation induced
by PACAP, PYK-2 phosphorylation is dependent upon Ca2+.
Also, the ability of PAC1 to regulate PYK-2 is dependent on
PLC and Src, and partially dependent on PKC. It remains to be
determined if selective PYK-2 inhibitors will inhibit the
growth and/or metastasis of NSCLC cells.
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