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Background. Dedicator of cytokinesis 1 (Dock1 or Dock180), a bipartite guanine nucleotide exchange factor for Racl, plays critical
roles in receptor tyrosine kinase-stimulated cancer growth and invasion. Dock180 activity is required in cell migration cancer tu-
morigenesis promoted by platelet derived growth factor receptor (PDGFR) and epidermal growth factor receptor.

Methods. To demonstrate whether PDGFRa promotes tumor malignant behavior through protein kinase A (PKA)-dependent ser-
ine phosphorylation of Dock180, we performed cell proliferation, viability, migration, immunoprecipitation, immunoblotting, col-
ony formation, and in vivo tumorigenesis assays using established and short-term explant cultures of glioblastoma cell lines.

Results. Stimulation of PDGFRa results in phosphorylation of Dock180 at serine residue 1250 (S1250), whereas PKA inhibitors H-89
and KT5720 oppose this phosphorylation. S1250 locates within the Rac1-binding Dock homology region 2 domain of Dock180,
and its phosphorylation activates Racl, p-Akt, and phosphorylated extracellular signal-regulated kinase 1/2, while promoting cell
migration, in vitro. By expressing RNA interference (RNAI) -resistant wild-type Dock180, but not mutant Dock180 S1250L, we were
able to rescue PDGFRa-associated signaling and biological activities in cultured glioblastoma multiforme (GBM) cells that had been
treated with RNAI for suppression of endogenous Dock180. In addition, expression of the same RNAi-resistant Dock180 rescued an
invasive phenotype of GBM cells following intracranial engraftment in immunocompromised mice.

Conclusion. These data describe an important mechanism by which PDGFRa promotes glioma malignant phenotypes through
PKA-dependent serine phosphorylation of Dock180, and the data thereby support targeting the PDGFRa-PKA-Dock180-Racl
axis for treating GBM with molecular profiles indicating PDGFRa signaling dependency.
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Glioblastoma multiforme (GBM) is the most common and lethal 3 classes of gene alterations that are common to nearly all of
primary brain cancer, with a median survival of 16 to 17 these tumors, one of which involves receptor tyrosine kinase
months.>? The Cancer Genome Atlas project, as applied to  (RTK) activation. One RTK encoding gene of importance is
the analysis of patient GBM,>* has established that there are  that for platelet derived growth factor receptor « (PDGFRa),
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which is altered in 13.1% of all GBM, with nearly half of these
tumors harboring concurrent epidermal growth factor receptor
(EGFR) alterations.>* RTKs have proven to be attractive targets
for the treatment of a variety of human malignancies, but such
targeting, including that directed at PDGFRa, as well as its
downstream signaling mediators, including phosphatidylinosi-
tol-3 kinase (PI3K)-Akt,>~" has proven largely unsuccessful in
achieving improved outcomes for GBM patients, thereby under-
scoring the need for improved understanding of PDGFR« inter-
actions, as well as RTK functional redundancies.

Small Rho GTPases, including Racl, play key regulatory roles
in normal development as well as in human disease, including
cancer. Dedicator of cytokinesis 1 (Dockl or Dock180), a gua-
nine nucleotide exchange factor (GEF), activates Racl by bind-
ing to its partner, engulfment and cell motility protein 1
(ELMO1), which stimulates cell growth and motility in various
types of cancer, including glioma.®®~1° Dock180 contains bind-
ing domains of ELMO1, phosphatidylinositol 3,4,5-trisphos-
phate (Dock homology region 1 [DHR1]), Racl (DHR2), and
CT10 regulator of kinase (CrK), respectively.!* We and others re-
cently demonstrated that Dock180 activity is required in
PDGFR- and EGFR-mediated border cell migration during Droso-
phila development,*? and serine phosphorylation of Dock180 is
involved in EGFR- and PDGFRa-driven glioma tumorigenesis,®®
as well as breast cancer progression driven by human epider-
mal growth factor receptor 2.'% Since serine phosphorylation
plays a significant role in numerous cellular processes,'* and
due to the association between RTK signaling and Dock180 ac-
tivation, we were motivated to examine whether serine phos-
phorylation of Dock180 is a key modification in tumors whose
molecular profile indicates a PDGFRa dependency.

Protein kinase 1 (PKA; also known as PKAC) is a cAMP-
dependent classic serine phosphorylation kinase, important
for development and diseases, including glioma.* PKA is re-
quired in prostaglandin E2 -stimulated glioma cell prolifera-
tion.!> Inhibition of PKA suppressed biotoxin cholera
toxin-induced glioma cell differentiation.'® PKA activation is
also important in the miR-33a-centered signaling network
that promotes glioma-initiating cell growth and self-renewal.*’
We recently showed that PKA participated in gliomagenesis driv-
en by EGFR variant I11.° However, the critical roles of PKA with
mechanisms remain to be fully investigated.

Here, we report that PKA phosphorylation of serine residue
1250 (p-S1250) of Dock180 is stimulated by PDGFRa in vitro
and in vivo. Furthermore, replacement of this serine with leu-
cine (Dock180°'2°%%) inhibits PDGFRa-stimulated Racl activa-
tion, glioma cell growth, survival, and invasion in vitro
following intracranial engraftment of modified cells in athymic
mice. Our results identify Dock180 as an important down-
stream effector of PDGFRa signaling in GBM, activation of
which contributes to the highly malignant behavior of this
cancer.

Materials and Methods

Cell Lines

Human embryonic kidney (HEK)293T cells were obtained from
American Type Culture Collection. SNB19 and LN444 cells
were gifts from Dr Y-H. Zhou at the University of California-

Irvine and Dr E. Van Meir at Emory University, respectively.
SNB19 and LN444 cell lines were also recently authenticated
using short tandem repeat DNA fingerprinting by RADIL (Re-
search Animal Diagnostic and Investigative Laboratory). All
cells and primary human GBM cells were cultured and trans-
fected as we previously described.®~%*® LN&44/platelet derived
growth factor A (PDGF-A) and SNB19/PDGF-A cell lines that
overexpress exogenous PDGF-A were characterized as previous-
ly described.®

Antibodies and Reagents

The following antibodies were used in this study: anti-Dock180
(H-4), anti-PDGFRa (C-20), anti-phospho-PDGFRa (Y754), and
anti-B-actin (I-19) (Santa Cruz Biotechnology); anti-Rac1 anti-
body (BD Transduction Laboratories); anti-Flag M2 antibody
(Sigma-Aldrich); anti-phospho-Akt (5473, #4051), anti-Akt
(#9272), and anti-phospho-EGFR (Y1045, #2237) (Cell Signal-
ing Technology); an anti-Ki67 antigen (NCL-Ki67p, Leica Micro-
systems); anti-phospho-PKA (Thr197) antigen (D45D3, Cell
Signaling Technology); and anti-PKA and anti-pan-
phosphoserine (19/pSer, BD Transduction Laboratories). The
secondary antibodies were from Vector or Jackson ImmunoRe-
search Laboratories. Peroxidase blocking reagent was from
Dako; AquaBlock was from East Coast Biologics. Various inhibi-
tors were used in this study: GF109203X (Enzo Life Science) and
AG1296, PD98059, Roscovitine, H-89, KT5720, and KN-93
(Sigma). Cell culture media and other reagents were from Invi-
trogen, Sigma-Aldrich, or Thermo Fisher Scientific.

Plasmids

A pcDNA3-EGFP-Rac1-WT (plasmid 12980) was purchased
from Addgene.'® The pcDNA3-Flag-Dock180, pLVX-Flag-
Dock180, mutant Dell, and Del2 plasmids were constructed
and characterized as previously described.®®° Dock180° 198,
Dock180°'?°° and Dock180°'°?”" point mutations were gen-
erated using the Site-Directed Mutagenesis Kit (Invitrogen) by
following the manufacturer’s protocol.®

Cell Proliferation, Cell Viability, Cell Migration,
Immunoprecipitation, and Immunoblotting Assays

Cell proliferation analyses were performed using a WST-1 assay
kit (Roche). Cell viability assays were performed using a kit for
TUNEL (terminal deoxynucleotidy! transferase deoxyuridine tri-
phosphate nick end labeling; Roche). Cell migration, Racl acti-
vation, immunoblotting (IB), and immunoprecipitation (IP)
assays were performed as we previously described.®®?

Rac1 Activation Assay

Rac1 activation was measured using the Racl Activation Assay
Kit (Millipore-Upstate) according to the manufacturer’s instruc-
tions.'© Briefly, after treatment with various agonists with or
without antagonists for the indicated times, cells were washed
with phosphate buffered saline, lysed in ice-cold magnesium
lysis buffer, and clarified by centrifugation at 12 000 g for
20 min. Each supernatant was incubated with PAK-1 protein-
binding domain agarose beads, pelleted, washed, and
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resuspended in a Laemmli sample buffer. The samples were re-
solved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis on 12% polyacrylamide gels. Guanosine triphosphate
(GTP)-bound Racl was detected using an anti-Rac1 antibody
(BD Transduction Laboratories).

Tumorigenesis Studies

All experiments using animals were performed in accordance
with a protocol approved by the Northwestern University Insti-
tutional Animal Care and Use Committee. Athymic (Ncr nu/nu)
female mice at an age of 6-8 weeks (Taconic Farms) were used
for all animal experiments. Various glioma cells (5 x 10%in 5 pL
phosphate buffered saline) were stereotactically implanted
into the brain of individual mice with 5 mice per group. The
glioma-bearing mice were sacrificed between 7 and 8 weeks
post-implantation. The brains were removed, processed, and
analyzed as we previously described.®®

Colony Formation Assay

Soft agar colony formation assay was performed as we previ-
ously described.’

Statistical Analysis

We used GraphPad Prism version 5.00 software for Windows to
do a One-way ANOVA with a Newman-Keuls posttest or a
paired two-way Student’s t-test as we previously described.”°
P < .05 was considered significant.

Results

PDGFRa Stimulates Serine Phosphorylation of Dock180
in Glioma Cells

Serine phosphorylation (p-S) of Dock180 has previously been
shown to be important for integrin signaling.?! We recently de-
scribed that EGFR-induced p-S of Dock180 is linked with
RTK-stimulated glioma malignant phenotypes.®®° We hypoth-
esized that p-S of Dock180 could also be caused by PDGFRa-
initiated signal transduction. To begin addressing this hypothe-
sis, we performed IP of endogenous Dock180 in glioma cells,
followed by IB with a pan anti-p-S antibody, working with
cell samples (SNB19 and LN444) incubated in the presence or
absence of PDGF-A. We found that PDGF-A activated PDGFRa-
stimulated p-S of Dock180 and activated Racl in these cell
lines (Fig. 1A). Furthermore, these molecular events were asso-
ciated with significantly increased tumor cell invasion, as indi-
cated by results from the use of a modified Boyden chamber
assay®” (Fig. 1B). To confirm that p-S of Dock180 is dependent
on PDGFR activation, serum-starved SNB19 and LN444 cells
were treated with or without AG1296, a selective inhibitor of
PDGFRa and PDGFRB,?2 for 1 h in advance of 5-min treatments
with PDGF-A. AG1296 inhibited PDGFRa autophosphorylation,
p-S of Dock180, and Rac1 activation, while significantly reduc-
ing PDGF-A-stimulated tumor cell invasion (Fig. 1B).
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Fig. 1. PDGF-A stimulates p-S of Dock180 and promotes glioma cell
migration. (A) SNB19 and LN444 cells were serum starved for 24 h
and treated with or without PDGF-A and with or without PDGFR
inhibitor AG1296 (10 wM), with inhibitor treatments for 1 h prior to
5 min PDGF-A (20 ng/mL) treatment. Racl activation was assessed
using a Racl activation assay kit. IgG was used as a control.
Dock180, PDGFRa, B-actin, and Racl were used as loading controls. (B)
In vitro cell migration assays over a 16-h period using cells subjected to
treatments described in (A). Results from PDGF-A and AG1296 treatments
are presented in relation to control sample results (6 replicates per
treatment per cell line); bars, SD. *P < .05, one-way ANOVA followed by
Newman-Keuls post hoc test. The results in (A) and (B) are
representative of 3 independent experiments with similar results.

PDGFR«-Stimulated Serine Phosphorylation of Dock180
Depends on Protein Kinase A

We recently showed that EGFR-stimulated gliomagenesis in-
volves PKA-dependent p-S of Dock180.° To determine whether
this PKA dependency of Dock180 p-S is also involved with
PDGFRa signaling, we examined the effects of inhibitors for var-
ious known serine/threonine kinases, on PDGF-A-initiated sig-
naling in our glioma cell lines. As shown in Fig. 2A, treatment
with H-89, an inhibitor of PKA, inhibited PDGF-A -stimulated
p-S of Dock180. In contrast, GF109203X, Roscovitine, KN-93,
and PD-98059, inhibitors of protein kinase C, cyclin-dependent
kinase 5, calmodulin, and mitogen-activated protein kinase ki-
nase (MEK), respectively, had little or no effect on Dock180
p-S. To further confirm PKA as an intermediate of PDGF-A-in-
duced Dock180 p-S, as well as to address PKA inhibitor effects
on Rac1, a downstream effector of Dock180, we treated SNB19
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Fig. 2. PDGF-A-stimulated p-S of Dock180 is PKA dependent. (A) IP and IB analysis of serine/threonine kinase inhibitor effects on PDGF-A-induced
p-S of Dock180. Serum-starved SNB19 cells were pretreated with or without PKC inhibitor GF109203X (10 wM), Cdk5 inhibitor Roscovitine (20 wM),
calmodulin-dependent kinase inhibitor KN-93 (250 wM), MEK inhibitor PD-98059 (50 uM), PKA inhibitor H-89 (20 M), or vehicle (0.1% dimethyl
sulfoxide) for 1 h. Cells were then treated with PDGF-A (50 ng/mL) or vehicle for 5 min. Total Dock180, PKA, PDGFR«, and B-actin were used as
loading controls. Intensity ratios of p-S of Dock180 to total Dock180 were calculated using NIH ImagelJ software, and are indicated beneath
their corresponding p-S IB results. (B) IP and IB analysis of PKA inhibitor effects on PDGF-A-stimulated p-S of Dock180, p-Akt, p-ERK1/2,
p-PDGFRe, and Racl activity. SNB19 and LN444 cells were serum starved for 24 h then treated with or without PKA inhibitors KT5720 (10 puM),
H-89 (25 wM), or vehicle, for 1 h. Cells were then stimulated with PDGF-A (50 ng/mL) or vehicle for 5 min. Dock180, PKA, PDGFRq, B-actin, Akt,
ERK1/2, and Racl were used as loading controls. Intensity ratios of p-S Dock180 to total Dock180 were calculated as described in (A). PBD,
protein-binding domain. (C) In vitro Boyden chamber cell invasion assay results, using cells treated as described in (B). PKA inhibitor treatment
results are presented in relation to PDGF-A treated sample. (D) A total of 4000 cells, subjected to treatments as indicated in (B), were seeded
in 96-well plates with Dulbecco’s modified Eagle’s medium containing PDGF-A (20 ng/mL), together with PKA inhibitor KT5720 (10 pM), H-89

Neuro-Oncology 835



Feng et al.: Phosphorylation of Dock180 regulates tumorigenesis

and LN444 cells separately with or without H-89 or a second
PKA inhibitor, KT5720.° As shown in Fig. 2B, treatment with ei-
ther PKA inhibitor markedly attenuated PDGF-A stimulation of
Dock180 p-S, as well as Racl activation, and additionally inhib-
ited Akt and extracellular signal-requlated kinase (ERK)1/2
phosphorylation. Moreover, each inhibitor prevented PDGF-A
from stimulating glioma cell invasion (Fig. 2C) as well as cell
proliferation (Fig. 2D). To further support this result, we knocked
down the endogenous PKA using short interfering RNAs (siR-
NAs) (Fig. 2E). Compared with the control, depletion of PKA in-
hibited p-S of Dock180 and cell proliferation stimulated by
PDGF-A in SNB19 cells (Fig. 2E and F).

PKA-Dependent Serine Phosphorylation of Dock180 Is
Important for Cell Migration and Colony Formation of GBM
Xenograft Explant Cultures

Next, we examined whether PKA function is important for GBM
cell migration, using short-term explant cultures from GBM5 xe-
nografts, which retain high-level expression of endogenous
PDGFRa.® As was the case with the established cell lines
(Fig. 2), stimulation of GBM5 cells with PDGF-A markedly in-
duced phosphorylation of PDGFRa, Dock180, Akt, and ERK1/2
and heightened Racl activity (Fig. 3A). In addition, PDGF-A
treatment of GBM5 cells stimulated their migration (Fig. 3B)
and increased their ability to form colonies in soft agar
(Fig. 3C and D). Use of the same PKA inhibitors as before,
H-89 and KT5720, caused appreciable decreases in PDGF-A-
stimulated signal transduction, cell migration, and colony for-
mation for GBM5 cells (Fig. 3A-D).

PDGFR« Signaling Results in Phosphorylation of Serine
1250 of Dock180

We next directed our investigation toward identifying the
Dock180 serine residue(s) that are phosphorylated in associa-
tion with PDGF-A-initiated signaling. To identify the putative
phosphorylated serine(s) of Dock180, we constructed 2 Flag-
tagged Dock180 deletion mutants, Dell (deletion of amino
acid [AA] residues 1111 and 1636 in the DHR2 domain) and
Del2 (deletion of AA 422 to 602 in the DHR1 domain and
C-terminus including the CrK domain), and additionally con-
structed Flag-tagged wild-type (WT) Dock180 (Dock180™T;
Fig. 4A). Each Dock180 construct was cotransfected with
PDGFRa*®?, a glioma-derived and constitutively active PDGFRa
mutant® in HEK293T cells. As shown in Fig. 4B, coexpression of
PDGFRa*®° with WT Dock180 promoted Dock180 p-S, in rela-
tion to Dock180 p-Sin Dell or Del2 mutants (Fig. 4B). This result
suggests that there are p-S sites of Dock180 located in the
DHR1 domain between AA 442 and 602 and in DHR2 between
AA 1111 and 1636 and/or C-terminus (Fig. 4A). Since the DHR1
domain and C-terminus lack the docking site for Racl, while the
DHR2 domain interacts with Racl, resulting in Racl

activation,*! we focused our attention on the DHR2 domain
(AA 1111-1636). Specifically, we chose S1250, which we previ-
ously found to be phosphorylated in association with PKA acti-
vation downstream of EGFR-initiated signaling,” and 2 serine
residues, S1198 and S1627, which are in the DHR2 region and
next to $1250. Thus, we coexpressed each of 3 Flag-tagged
Dock180 leucine-for-serine substitution mutants,
Dock180°*2°% Dock180°!1°8- and Dock180°627" with consti-
tutively active PDGFRa*®? in HEK293T cells. We found that the
cells expressing Dock180°12°°" showed markedly decreased
PDGFRa*®%-induced p-S, whereas minimal reduction of p-S
was evident when coexpressing Dock180°11%8L  or
Dock180°162” with activated PDGFRa*®? (Fig. 4C). We further
confirmed this observation by coexpression of Dock180" and
Dock180°1#°% with PDGFRa" in HEK293T cells that were treat-
ed with PDGF-A. As shown in Fig. 4D, PDGF-A treatment of the
transduced 293T cells stimulated significant phosphorylation of
PDGFRa and p-S of Dock180"T, whereas a much lesser p-S in-
crease was apparent for cells expressing p-Dock180°%2°°%,

We next analyzed the effect of p-Dock180°!2°° on Rac1 inter-
action. For this analysis, another Dock180 mutant, in which
Ile-Ser-Pro (ISP) residues at AA 1487-1489 had been replaced
with Ala-Ala-Ala (Dock180'F), was used as a control because
this substitution of 3 amino acids prevented Dock180-Racl in-
teraction.?® This mutant (Dock180™") as well as Dock180%WT,
Dock180°!2°%" and empty vector were transiently transfected
into HEK293T cells with PDGFRa and green fluorescent pro-
tein-Racl, with transfectant cells subsequently serum starved
then stimulated with PDGF-A. Flag-tagged Dock180 proteins
were then immunoprecipitated and analyzed for Racl activity
and Dock180 p-S. As shown in Fig. 4E, PDGF-A treatment pro-
moted p-S of Dock180""and Rac1 activity, as well as Dock180""
association with Rac1. In contrast, PDGF-A treatment resulted in
a lesser increase in p-S of Dock180°1%°°" and substantially less
Rac1 activity and Dock180™" interaction with Rac1 (Fig. 4E). As ex-
pected, Dock180™" showed no effect on activation of Rac1 and
was incapable of interacting with Racl, despite a PDGF-A-stimu-
lated increase in p-S of this mutant. Taken together, these results
indicate that PKA-dependent phosphorylation of $1250 is impor-
tant for the activation of Racl in PDGF-A-stimulated glioma cells.

Phosphorylation of serine residue of Dock180°1%°° js

important for PDGFRx-driven glioma cell proliferation,
colony formation, survival, and migration in vitro.

To examine the importance of Dock180 p-S1250 for linking
PDGFRa activation with glioma cell biologic activities, we per-
formed the following. First, we stably expressed small hairpin
(sh)RNA-resistant Dock180™™ or Dock180°12°°" in LN&44 cells
that had been modified for expression of exogenous PDGF-A
and for expression of shRNA to suppress endogenous Dock180
(shDock180). The expression of exogenous Dock180"'™ or
Dock180°2°°%" proteins were at levels comparable to that of

(25 M), or vehicle for 3 days. Cell proliferation effects were determined by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay. Results have been normalized to the mean MTT values of untreated cells at day O. (E) IP and IB analysis of effect of PKA knockdown on
PDGF-A-induced p-S of Dock180. A PKA siRNA pool (siPKA) or a control siRNA (siControl) was transiently transfected into SNB19 cells. Dock180 and
B-actin were used as loading controls. (F) Cell proliferation assay as shown in (D). Cells were come from (E). Data in (A)-(F) are representative of 3

independent experiments with similar results.
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Fig. 3. PKA is required for PDGFRa-associated GBM cell migration and colony formation. (A) IP and IB of effect of PKA inhibitors on p-S of Dock180,
p-Akt, p-ERK1/2, p-PDGFRa, and Racl activity, following PDGF-A treatment of explant cultures from GBM5 xenografts. GBM5 cells were serum
starved for 24 h then treated with KT5720 (10 uM), H-89 (25 uM), or vehicle for 1 h. Cells were then stimulated with PDGF-A (50 ng/mL) or
vehicle for 5 min. Total Dock180, PDGFRa, Akt, ERK1/2, B-actin, and Racl were used as loading controls. (B) In vitro cell migration assay results,
using cells treated as described in (A). Data are presented as percentage of treated cells compared with controls, from 6 replicates per cell line and
per treatment. Bars, SD; *P < .05, one-way ANOVA followed by Newman-Keuls post hoc test. (C) Representative images of colony formation results.
Four thousand GBM5 cells were seeded on soft agar with or without PDGF-A (20 ng/mL) and with or without KT5720 (10 uM), H-89 (25 uM), or
vehicle for 7 days. Scale bars, 1 mm. (D) Quantification of colony formation results. Bars, SD; *P < .05, one-way ANOVA followed by Newman-Keuls
post hoc test. Results shown in (A) to (D) are representative of results from 3 independent experiments.

endogenous Dock180 in LN444/PDGF-A cells modified with con-
trol shRNA (shCin Fig. 5A). Anti-p-S IB analysis revealed a higher
level of Dock180 p-S in Dock180"™ than in Dock180°!2°% cells.
Moreover, Dock180"™™, but not Dock180°12%% rescued PDGF-A-
stimulated p-Akt, p-ERK1/2, and Racl activity in LN444/PDGF-A/
shDock180 cells with shRNA depleted endogenous Dock180 ex-
pression (Fig. 5A). Expression of Dock180™W", but not
Dock180°12°°Y also rescued PDGF-A-stimulated cell growth, vi-
ability, migration, and colony formation of LN444/PDGF-A/
shDock180 cells (Fig. 5B-E). In consideration of our previous find-
ings that ablation of the PI3K-binding site of PDGFRa or inhibition
of Akt or ERK1/2 attenuated PDGF-A stimulation of glioma cell
proliferation and survival in vitro and tumor growth in vivo,” our
results support that p-S1250 of Dock180 promotes glioma cell
migration and proliferation via Rac1-Akt and -ERK1/2 signaling.

PDGFRa-Driven Phosphorylation of Dock180°12%° s
Required for Glioma Cell Growth and Invasion in the Brain

To address the importance of Dock180°2°° p-S in PDGFRa-as-
sociated glioma tumorigenesis and invasion in vivo, we

implanted LN444/PDGF-A cells transduced with sh vector con-
trol (shC), shDock180, and either Dock180"™ or Dock180512°°"
into the brains of mice. As shown in Fig. 6A,%’ mice that re-
ceived LN444/PDGF-A modified with shC developed large and
highly invasive gliomas at 60 days post-implantation (Fig. 6A,
panels g, e, Fig. 6B and C), whereas tumor growth and invasion
were substantially inhibited in LN444/PDGF-A intracranial glio-
mas modified with shDock180 (Fig. 6A, panels b, f, Fig. 6B and
(). The expression of Dock180W™ (Fig. 6A, panels ¢, g, Fig. 6B
and 6c), but not Dock180°12°°%" (Fig. 6A, panels d, h, Fig. 6B
and 6c), in LN444/PDGF-A/shDock180 cells rescued tumor
growth and invasion, as well as tumor proliferation and apopto-
tic resistance (Fig. 6A, panels i, m, k, o). Rescue of these pheno-
types was not evident in cells modified for expression of
Dock180°12°%" (see Fig. 6A, panels j, n, [, and p).

Discussion

In this study, we report that PDGFRa stimulates p-S of Dock180
in glioma cells, which is associated with increased glioma cell
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Fig. 4. Dock180°'2° is a major PKA p-S site following PDGFRa stimulation. (A) Schematics of wild-type and Dock180 mutant Flag-tagged
constructs. (B) IP and IB for the effect of Dock180 deletions on p-S of Dock180 in HEK293T cells. Flag-tagged Dock180 WT or mutants Dell or
Del2 were transiently transfected together with or without constitutively active PDGFRa*®° into HEK293T cells. After 48 h, serum-starved cells
were lysed and then analyzed by IP and IB. Flag-Dock180, total PDGFRe, and B-actin were used as loading controls. IgG was used as a control
for IP. (C) IP and IB for effect of Dock180 serine substitution mutants on p-S of Dock180 in HEK293T cells. Flag-tagged Dock180 WT or mutants
S1198L, S1250L, or S1627L were transiently transfected with constitutively activated PDGFRa*®? into HEK293T cells. Flag-Dock180, PDGFRe, and
B-actin are loading controls. (D) IP and IB for effect of Dock180 S1250L mutation on p-S of Dock180 in PDGF-A-treated HEK293T cells. Flag-tagged
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PKA-dependent p-S1250 of Dock180 enhances Dock180 association with Rac1; cDNAs of Flag-tagged Dock180™T, Dock180™" mutant,
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serum-starved cells were stimulated with or without PDGF-A for 5 min and then lysed in the presence of 10 mM EDTA followed by IP and IB.
Flag-Dock180, total PDGFRe, Racl, and B-actin were used as loading controls. Data in (B) to (E) are representative of results from 3
independent experiments with similar results.

proliferation and migration in vitro and in vivo. Through the use PKA is a member of the AGC family, a subgroup of Ser/Thr
of pharmacologic approaches, we interpret p-S of Dock180 as  protein kinases that are most related to PKA, cyclic guanosine
being primarily mediated by PKA in PDGF-A-stimulated glioma  monophosphate-dependent protein kinase (PKG; also known
cells. as CGK1a), and protein kinase C (PKC). PKA is essential for
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Fig. 5. Dock180 S1250 is important for PDGFRa-stimulated glioma cell migration and survival in vitro. (A) Retroviral encoded shRNA-resistant
Dock180™™, Dock180%1%°°’ or empty vector was used to transduce LN444/PDGF-A/shC or LN444/PDGF-A/shDock180 cells. Infected cells were
subjected to IP and IB analysis for effects of Dock180™™ or Dock180%1%°°Y" expression on PDGFRa-initiated intracellular signaling. Flag-Dock180,
total ERK1/2, total Akt, total Racl, and B-actin were used as loading controls. (B) MTT assays of cell proliferation using the cells treated as described
in (A). (C) Serum-starved cells were seeded in 8-well chamber slides with Dulbecco’s modified Eagle’s medium plus 0.5% fetal bovine serum. After
48 h, cell apoptosis was determined by TUNEL analysis of 1000 cells/treatment. (D) Boyden chamber cell migration assay results using cells treated
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line. (E) Images from colony formation assay experiment. LN444/PDGF-A cells modified or expression of the indicated shRNA and Dock180
constructs were seeded on soft agar for 7 days in triplicates. Scale bars, 1T mm. (F) Quantifications of colony formation assay results. In (B), (C),
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from 3 independent experiments.

various cell biologic properties, including proliferation and mi-
gration, and influences these activities through phosphoryla-
tion of GEFs for Racl, Cdc42, and Rho, following signal
initiation by RTKs, including PDGFRa.** In PDGF-induced mem-
brane ruffling that is critical for cell movement, PKA regulates
dynamics of PIP3 (phosphatidylinositol (3,4,5)-triphosphate)
and Racl activation,”* and the inhibition of PKA activity

markedly attenuates PDGF-induced membrane ruffling and
Rac activation. The expression of constitutively active Rac1 res-
cues membrane ruffling in PKA-inhibited cells, even in the ab-
sence of PI3K signaling.”* Our results, showing PKA as an
intermediate in PDGFRa-initiated signal transduction, resulting
in activation of the Rac1 GEF, Dock180, and attendant stimula-
tion of cell motility, are consistent with these studies. Through
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Fig. 6. Dock180 S1250 is critical for PDGFRa-driven glioma tumor growth and invasion in vivo. (A) Effect of expressing shRNA-resistant Dock180"™

or Dock180°'2°°%" on glioma growth, invasion, proliferation, and apoptosis in vivo. Representative hematoxylin/eosin (H&E) and
immunohistochemistry images of brain sections from mice receiving intracranial injection with LN444/PDGF-A glioma cells modified with the
indicated shRNA and Dock180 expression constructs, at 7 to 8 weeks post-injection. Panels q, e, i, and m, LN444/PDGF-A shC tumors; b, f, j,
and n, shDock180 + vector tumors; ¢, g, h, and o, shDock180 + Dock180""™" tumors; d, h, i, and p, shDock180 + Dock180°12°°Y" tumors. H&E
staining, panels a to h. Panels e to h are enlarged areas from a to d that are marked with squares, with arrows indicating invasive tumor cells.
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relative invasive fingers per tumor. (B) Tumor volumes were determined by microscopically measuring tumor areas followed by estimation of
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figures and disseminated areas as shown in panels a and e. (D and E) Quantifications of Ki67 and TUNEL staining, respectively. (F) A working
model for the PDGFRa-PKA-p-Dock180°12°°-Rac1 signaling in glioma cells. PDGF-A activation of PDGFRa induces PKA phosphorylation of
Dock180 at S1250 residue and then promotes Racl activation, resulting in increased glioma growth and invasion. In (B) to (E), results are
based on 5 tumors per group from 2 independent experiments. Bars, SD. *P <.05, one-way ANOVA followed by Newman-Keuls post hoc test.
Data in (A) to (E) represent 2 independent experiments with similar results.
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use of a pharmacologic approach, specifically by treating tumor
cells with H-89 and KT5720 inhibitors, as well as by employing a
genetic approach in which we modified tumor cells for expres-
sion of exogenous Dock180°12°° mutant, we have demon-
strated a signaling cascade involving PDGFRa, PKA, Dock180,
and Racl, which promotes GBM cell migration and cell prolifer-
ation in vitro, as well as GBM xenograft growth and invasion in
the brains of immunocompromised mice. Our results, there-
fore, demonstrate the importance of PKA-dependent protein
phosphorylation of GEFs in RTK-driven GBM growth and
invasion.

In this study, we show that S1250, of Dock180, is a major
phosphorylation site of PKA in PDGFRa-stimulated glioma
cells. This phosphorylation site is located in a DHR2 domain
that promotes Rac1-GTP and Racl-guanosine diphosphate ex-
change during Rac1 activation,*>?> which, in turn, is linked with
key glioma cell biologic properties, including proliferation and
invasion. Expression of shRNA-resistant Dock180""", but not
Dock180°12°°Y rescued PDGFRa-stimulated glioma growth
and proliferation invasion in the brain (Fig. 6). Of note, both
S1250 and ISP are localized in the DHR2 domain and are impor-
tant for Rac1 binding and Rac-GTP loading.® Although Dock180-
ISP did not affect the p-$S1250 of Dock180, Dock180-S1250L
may function similarly to Dock180-ISP on impairing the interac-
tion of DHR2 with Rac1.?® Alternatively, p-51250 of Dock180 is
required for Dock180 to acquire or maintain an active conforma-
tion as described for Vav1.2 Moreover, further investigation is
warranted to test this hypothesis. Taken together, our results in-
dicate that PKA-mediated phosphorylation of Dock180°12°°
plays a critical role in PDGFRa-driven gliomagenesis.

Although both ERK1/2 and Akt are the targets of Racl, the
impacts of Racl inhibition on ERK1/2 and Akt activations are
different in different types of cells. In vascular endothelial
cells, knockdown of Rac1 inhibited cell migration and prolifera-
tion through suppression of sphingosine-1 phosphate activa-
tion of PI3K/Akt.?” In lung epithelial cells, a dominant
negative (DN) Racl inhibited cell migration through attenuation
of thrombin activation of PI3K/Akt.*® In glioma cells, a DN Racl
induced cell apoptosis through inhibition of ERK1/2 but not Akt
activities.”® We showed that inhibition of PI3K by LY294002
(thereby inhibiting the induced p-Akt) and inhibition of MEK by
PD98059 (thereby inhibiting the induced p-ERK1/2) abrogated
PDGF-A-stimulated cell growth and survival of glioma cells.”
In glioma SNB19, LN444, and primary GBM5 cells that express
endogenous PDGFRa and Dock180, inhibition of Dock180 sup-
pressed PDGF-A activation of Akt and ERK1/2 and cell migra-
tion, survival, and proliferotion.6 Here, we show that
Dock180-S1250L mutant inhibits PDGFRa stimulation of Akt
and ERK1/2, thereby collaborating with the role of p-Akt and
p-ERK1/2 in mediating PDGFRa-Dock180-Racl stimulation of
glioma tumorigenesis.

Intratumoral heterogeneity of GBM has been implicated in
tumor growth and progression, as well as GBM resistance to
therapy.>>*! GBM is often driven by aberrant activation of RTK
signaling, with 50% of GBM tumors showing amplification of an
RTK.*>3233 Furthermore, using multicolor fluorescence in situ
hybridization, as many as 3 different RTKs (EGFR, MET, PDGFRA)
were found amplified in a single GBM tumor, and in some cases
EGFR and PDGFRA are found amplified in the same tumor cells,
which potentially accounts for the relative lack of success for

treatments targeting single RTKs; that is, the inhibition of one
RTK can potentially be compensated for by the increased activ-
ity of another RTK.3%°3 Recently we reported that
Src-dependent tyrosine phosphorylation of Dock180 is also im-
portant to EGFR- and PDGFRa-stimulated GBM growth and inva-
sion in humans and in mice.®® Collectively, our studies highlight
Dock180 phosphorylation, by Src and PKA, as essential down-
stream activities of RTK-driven glioma tumorigenesis.®*3*
Moreover, our results suggest that therapeutic targeting of
the p-Dock180-Racl interaction could benefit GBM patients,
as well as possibly patients with other types of cancer for
which aberrant activation of PDGFRa signaling has been
implicated.
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