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Abstract
p21-activated kinases (PAKs) are a family of serine/threonine kinases that regulate cytoskeletal
dynamics and cell motility. PAKs are subdivided into group I (PAKs 1–3) and group II (PAKs 4–
6) on the basis of structural and functional characteristics. Based on prior gene expression data
that predicted enhanced PAK signaling in the invasive fronts of aggressive papillary thyroid
cancers (PTCs), we hypothesized that PAKs functionally regulate thyroid cancer cell motility and
are activated in PTC invasive fronts. We examined PAK isoform expression in six human thyroid
cancer cell lines (BCPAP, KTC1, TPC1, FTC133, C643, and SW1746) by quantitative reverse
transcription-PCR and western blot. All cell lines expressed PAKs 1–4 and PAK6 mRNA and
PAKs 1–4 protein; PAK6 protein was variably expressed. Samples from normal and malignant
thyroid tissues also expressed PAKs 1–4 and PAK6 mRNA; transfection with the group I (PAKs
1–3) PAK-specific p21 inhibitory domain molecular inhibitor reduced transwell filter migration by
~50% without altering viability in all cell lines (P<0.05). BCPAP and FTC133 cells were
transfected with PAK1, PAK2, or PAK3-specific small interfering RNA (siRNA); only PAK1
siRNA reduced migration significantly for both cell lines. Immunohistochemical analysis of seven
invasive PTCs demonstrated an increase in PAK1 and pPAK immunoactivity in the invasive
fronts versus the tumor center. In conclusion, PAK isoforms are expressed in human thyroid
tissues and cell lines. PAK1 regulates thyroid cancer cell motility, and PAK1 and pPAK levels are
increased in PTC invasive fronts. These data implicate PAKs as regulators of thyroid cancer
invasion.
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Introduction
Thyroid cancer incidence is increasing, and it is estimated that ~37 000 new cases of thyroid
cancer will be diagnosed and ~1500 patients will die from this disease in 2009 (American
Cancer Society; www.cancer.org). Over the past several years, there has been intense
interest in developing new therapies for patients with thyroid cancers that progress despite
standard treatments (Ringel 2009). Encouraging results have been published from clinical
trials using kinase inhibitors with partial remission rates ~30% and even higher rates of
progression-free survival (Schlumberger & Sherman 2009). One common target of the
compounds thought to be critical to their activities is the family of vascular endothelial
growth factor (VEGF) receptors. However, each of these compounds inhibits other kinases,
including thyroid-related oncogenes such as Ret kinase and BRAF (Schlumberger &
Sherman 2009). While the precise targets of action responsible for clinical activity are
uncertain, responses are not complete or durable, emphasizing the need to further research-
defining mechanisms of thyroid cancer progression.

Predictors of poor survival from thyroid cancer include anaplastic histology, distant
metastases, and gross local invasion of the primary tumor (Leboulleux et al. 2005, Pulcrano
et al. 2007). We previously analyzed the invasive fronts of grossly invasive papillary thyroid
cancers (PTCs), and demonstrated that the invasive regions have a mRNA expression profile
consistent with epithelial-to-mesenchymal transition (EMT) with overrepresentation of
transforming growth factor-β (TGF-β) integrin and small GTPase/p21-activated kinase
(PAK) signaling (Vasko et al. 2007). EMT is a process in which there is remodeling of the
cytoskeleton and loss of cell contact inhibition of growth leading to enhanced cellular
capacity to migrate and invade, which is thought to be involved in cancer progression
(Vasko & Saji 2007, Kalluri & Weinberg 2009, Tsuji et al. 2009). Hallmarks of EMT
include increased expression and organization of intermediate filaments, increased
expression of vimentin and osteopontin, loss of membranous β-catenin, and loss of E-
cadherin expression (Kalluri & Weinberg 2009). Functional mediators of EMT are TGF-β,
c-Met, Snail, Twist, NFκβ, as well as Rho GTPases: RhoA, Cdc42, and Rac (Thiery 2002).
In PTC, overexpression of vimentin was shown to be independently associated with
increased tumor invasiveness and nodal metastases (Vasko et al. 2007).

PAKs are direct downstream targets of Cdc42 and Rac, which organize actin and
intermediate filaments, enhance growth, and inhibit apoptosis (Jaffer & Chernoff 2002,
Bokoch 2003, Vadlamudi & Kumar 2003, Kumar et al. 2006, Zhao et al. 2006). There are
six isoforms of PAK which are divided into two families, group I (PAKs 1–3; Bokoch 2003)
and group II (PAKs 4–6; Jaffer & Chernoff 2002) based on structural and functional
similarities. Group I PAKs exist in an inactive homodimer maintained by interactions
between the autoinhibitory domain (AID) and kinase domain of PAK monomers (Kumar &
Vadlamudi 2002). Upon binding to Cdc42 or Rac, the dimeric structure relaxes allowing for
functional phosphorylation by phosphoinositide dependent kinase 1 (PDK1), AKT, and
other PAK molecules. Two phosphorylation sites, ser144 and thr423 (In PAK1), are
particularly important for PAK activity (Bokoch 2003). Group I PAKs can also be activated
by non-GTPase mechanisms (Bokoch 2003, Zhao & Manser 2005), and they serve as
scaffolds for SH3 domaincontaining proteins (Bokoch 2003, Higuchi et al. 2008). Group II
PAKs also bind Rac and Cdc42, but they lack an AID, exist as active monomers, and have
not been reported to have a scaffolding function (Jaffer & Chernoff 2002).

PAKs regulate actin and intermediate fiber dynamics directly by phosphorylating targets
such as vimentin, desmin, LIM kinase, myosin light chains, and myosin light chain kinase
(Bokoch 2003, Zhao & Manser 2005). PAK also regulates the function of other EMT-related
targets including TGF-β (18–20), Snail, filamin (21, 22), NFκβ (Frost et al. 2000), and NF2.
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Finally, PAK1 is a breast cancer oncogene in vivo, has been associated with more
aggressive clinical features, and is functionally involved in the development of tamoxifen
resistance in estrogen receptor-positive breast cancer cells (Holm et al. 2006, Rayala et al.
2006). Thus, based on the gene expression arrays in PTC invasive fronts and the known
functions of PAK in other systems, we hypothesized that PAKs are functionally important in
thyroid cancer.

Materials and methods
Human thyroid tissues and cell lines

The Institutional Review Boards of the Ohio State University and Uniformed Services
University of the Health Sciences approved sample collection, and patient consents were
obtained. A total of 11 samples were obtained; 4 frozen-paired normal and tumor samples
for gene expression studies and 7 paraffin-embedded samples from locally invasive thyroid
cancers for immunohistochemistry (IHC).

Human carcinoma BCPAP, KTC1, TPC1, FTC133, C643, and SW1746 cell lines were the
generous gifts of Drs Rebecca Schweppe and Bryan Haugen (University of Colorado,
Denver, CO, USA; Schweppe et al. 2008) with permission from the researchers who
originally established cell lines: BCPAP – Dr Nicole Fabien, Centre Hospitalier Lyon-Sud,
France (Fabien et al. 1994); KTC1 – Dr Junichi Kurebayashi, Kawasaki Medical School,
Japan (Kurebayashi et al. 2000): TPC1 – Dr Hiroshi Sato, Kanazawa University, Japan
(established by the late Dr Nobuo Sato (Tanaka et al. 1987)); FTC133 – Dr Peter E
Goretzki, University of Leipzig, Germany (Goretzki et al. 1990); and C643 and SW1736 –
Dr Nils-Erik Heldin, University Hospital, Uppsala, Sweden (Gustavsson et al. 1996, Xu et
al. 2003). The obtained clones were all confirmed to be of thyroid origin by DNA
fingerprinting using methods previously described (Schweppe et al. 2008). These cell lines
are representative of the three primary types of thyroid cancer and express common thyroid
oncogenes including BRAF V600E, mutated RAS, or RET/PTC or to have loss of PTEN
expression (Supplementary Table 1, see section on supplementary data given at the end of
this article). BCPAP, KTC1, C643, and SW1746 were grown in RPMI 1640 medium (Life
Technologies Co.), while FTC133 and TPC1 were grown in DMEM (Life Technologies
Co.), both supplemented with 10% fetal bovine serum (FBS) and non-essential amino acids
(NEAA) unless as noted for experiments.

Transient transfections and plasmids
Vectors containing cDNAs encoding each of the six PAK isoforms and green fluorescent
protein (GFP)-tagged PAK inhibitory domain (PID) vector were the generous gifts of Dr
Jonathan Chernoff (Fox Chase Cancer Centre; Beeser & Chernoff 2005). Each PAK isoform
cDNA was transfected into HEK293 cells using Lipofectamine and Plus reagents (Life
Technologies Co.), and RNA and protein were isolated using methods described in detail
below. In preliminary experiments with the thyroid cancer cell lines, PAK phosphorylation
was noted to be diminished as cells became confluent (data not shown); thus, for PAK
inhibition, transfections were performed using Optifect Reagent (Life Technologies Co.)
when cells were 30–40% confluent. After 4 h of incubation, the liposomes were aspirated;
either RPMI 1640 medium or DMEM supplemented with 10% FBS (Life Technologies Co.)
was added to the cells for 24 h before performing migration assays. PID transfection
efficiency was estimated by visualizing the percentage of GFP-expressing cells using
fluorescence microscopy.
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siRNA transfections
BCPAP and FTC133 cells were grown to 30–40% confluency and transfected with
scrambled control (cat. sc-37007 Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or
PAK1, PAK2, and PAK3-pooled specific siRNAs (cat. PAK1: sc-29700, PAK2: sc-26183,
PAK3: sc-36181 Santa Cruz, Biotechnology, Inc.) using Lipofectamine 2000 (Life
Technologies Co.). Cells were incubated with the liposome complexes for 20 h, liposomes
were aspirated, and fresh RPMI 1640 medium or DMEM containing 10% FBS was added
for the 2–3 h. Assays were performed 24 h after the beginning of transfection. PAK1, PAK2,
and PAK3 knockdown was assessed by quantitative reverse transcription-PCR (qRT-PCR)
(see below) 16 h after transfection and by western blot (WB) 24 and 48 h after transfection.
Data are reported as the reduction in PAK1, PAK2, and PAK3 RNA by the siRNA versus
scrambled sequence control.

RNA isolation
Cells were washed twice with PBS, and 800 µl of TRIZOL (Life Technologies Co.) was
added. Cells were scraped and transferred into 1.5 ml tubes. To isolate RNA from human
thyroid samples, the tissues were homogenized in 800 µl of TRIZOL. After the addition of
200 µl of chloroform, tubes were shaken, incubated for 2 min at room temperature, and
centrifuged at 16 000 g for 15 min at 4 °C. The supernatant was transferred into a new 1.5
ml tube, mixed with 400 ml of isopropyl alcohol, and centrifuged at 16 000 g for 15 min at 4
°C. The supernatant was aspirated, and the pellets containing RNA were washed using 70%
ethanol and air-dried. The RNA was reconstituted and concentration was measured by
spectrophotometry.

RT-PCR
To examine PAK isoform expression in the thyroid cancer cell lines and human samples and
to confirm PAK isoform-specific knockdown by siRNA, PAK isoform-specific RT-PCR
was performed. To determine basal expression of PAK isoforms, PAKs 1–3 and PAK6 were
amplified from cell lines using newly designed primers, while PAK4 and PAK5 were
amplified with primers from Life Technologies Co. (Supplementary Table 2A, see section
on supplementary data given at the end of this article). Identity was confirmed by amplicon
size and melting curve analysis. For siRNA experiments, quantitative real-time RT-PCR
using PAKs 1–3 sequence-specific primers and probes and Universal Master Mix (Life
Technologies Co., Supplementary Table 2B, see section on supplementary data given at the
end of this article) was performed. For all RT-PCRs, 440 ng of RNA was treated with
DNase I (Life Technologies Co.) for 15 min, and 132 ng of DNase-treated RNA was reverse
transcribed using the TaqMan RT Reagents kit (Life Technologies Co.). PCR was
performed in 96 sample plates using cDNA equivalent to 18 ng of total RNA (4 µl of RT
reaction mixture) per 25 µl per well. To normalize PAK gene expression for quantitative
experiments and to confirm RNA integrity for all experiments, 18S rRNA was amplified
using Taqman Ribosomal RNA control reagents kit as previously described (Ringel et al.
2001). PCR was performed as follows: after initial 2 min incubation at 50 °C for inactivation
of AmpErase UNG activity, the cDNA was denatured at 94 °C for 10 min. The samples
were then subjected to 40 cycles of a two-step amplification protocol that included 15 s at 94
°C and a 1 min annealing–elongation step at 60 °C. PAKs 1–6 and 18S were amplified in all
samples in duplicate in two separate reactions. Negative controls were included for the RT
(RT negative) and PCRs (non-template control). To normalize data to 18S control and to
quantify results, we use the ΔCt formula as previously described (Ringel et al. 2001). All
samples were electrophoresed to confirm the size and specificity.
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Protein extraction and western blotting
Cells were washed twice with ice-cold PBS, scraped, and resuspended with 500 µl of PBS.
After centrifugation at 500 g for 5 min, cells were lysed with M-PER buffer (Fisher
Scientific, Pittsburgh, PA, USA) containing 0.3 µM okadaic acid, 1 µg/ml of aprotinin,
pepstatin, and leupeptin, and 20 mM of 4-amidino-phenyl methane-sulfonyl fluoride. After
10 min incubation with the M-PER buffer on ice, the lysate was centrifuged at 16 000 g for
15 min at 4 °C. Supernatant was collected, and protein concentrations were measured by
BCA protein assay (Fisher Scientific).

Twenty-five micrograms of total lysate were suspended in reducing SDS buffer (Life
Technologies Corporation) and boiled for 5 min. The reduced and denatured lysate was
loaded into 4–12% SDS-PAGE, separated by electrophoresis, and transferred to
nitrocellulose membranes, and immunoblotting was performed as described (Ringel et al.
2001, Vasko et al. 2007). Primary antibodies against PAK1 (#2602), PAK2 (#2608), PAK4
(#2242), phospho-Thr423 PAK1/Thr402 PAK2 (#2601), PAK1/2/3 (#2604), cRAF (#9422),
and phospho-Ser338 cRAF (#9427) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against PAK3 (sc-1871), PAK6 (sc-32857), and α-tubulin
(sc-5546) were obtained from Santa Cruz Biotechnology, Inc. Anti-PAK5 antibody
(st-1097) was obtained from EMD Biosciences (Gibbstown, NJ, USA). Antibody against
GAPDH (NB300-327) was obtained from NOVUS Biologicals, Inc. (Littleton, CO, USA).
Antibodies against vimentin (V6630) and phospho-Ser55 vimentin were obtained from
Sigma–Aldrich, Inc. and MBL Co. (Nagoya, Japan) respectively.

Migration assay
Cancer cells were grown in DMEM and RPMI 1640 medium containing FBS until 30–40%
confluent, transfected, washed with PBS, trypsinized for 5–10 min, collected with 0% FBS
DMEM and RPMI 1640 medium, and centrifuged at 300 g for 5 min. Cells were
resuspended with 0% FBS DMEM and RPMI 1640 medium and counted using a
hemocytometer. A volume of 105 cells in 300 µl medium was placed into upper chamber of
Boyden chamber (8 µm pore) inserts in 24-well plates filled with 400 µl of either DMEM or
RPMI 1640 medium containing 10% FBS chemoattractant in the bottom chamber. Cells
were incubated at 37 °C and 5% CO2. The cells on and under the Boyden chamber
membrane were fixed with 3.7% formaldehyde containing 0.05% crystal violet for 15 min
after washing cells with PBS. The chambers were washed with distilled water and the excess
water was eliminated. The cells on the top (non-migrated) and bottom (migrated) sides of
the membrane were collected by scraping the top and bottom of the chamber with a Q-tip,
which was subsequently placed into a 1.5 ml tube. The remainder of the cells remained in
the Boyden chamber. The Q-tips containing the scraped cells and the Boyden chamber
containing the non-migrated cells were separately incubated in 80% methanol, shaken at 500
g for 30 min, and the extracted dye was measured at 570 nm. Migration was quantified as
the ratio of the migrated cells over the total cells (non-migrated plus remaining cells) to
calculate migration rates. Experiments were performed in duplicate on multiple occasions as
described in the figures.

Immunohistochemical staining
Sections were dewaxed twice with xylene, soaked in 100 and 95% alcohol, and incubated in
3% hydrogen peroxide for 15 min after microwave treatment in antigen unmasking solution
(Vector Laboratories, Inc., Burlingame, CA, USA) for 10 min. Sections were then incubated
at 4 °C overnight with anti-PAK1 (dilution 1:100) and phospho-PAK (dilution 1:100)
antibodies. Immunodetection was performed by the use of the Vectastain Universal Quick
kit according to the manufacturer′s instruction. Peroxidase staining was revealed in 3,3’-
diaminobenzidine. Negative controls were performed as above except the primary antisera
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were not included. IHC was evaluated by three investigators independently (S K M, M S,
and M D R) and qualitatively scored based on the intensity and number of positive cells.

Statistical analysis
As several of the experiments were conducted on different days, linear mixed effects models
were used to take this into consideration. RT-PCR data were first normalized to internal
control gene 18S expression, and then linear mixed effects models were used for hypothesis
testing. Variances of test statistics were estimated from a saturated model to ensure robust
testing. For some simple two-group comparisons, paired t-tests were used. P<0.05 is
considered as significant for single comparisons. Holm’s procedure was used to adjust for
multiple comparisons or multiple endpoints (Holm 1979) to strongly control type I error to
α=0.05.

Results
PAKs 1–3, PAK4, and PAK6 are expressed in human thyroid cancer cell lines

PAK isoform mRNA levels were measured in six confirmed human thyroid cancer cell lines
(BCPAP, KTC1, TPC1, FTC133, C643, and SW1743) by RT-PCR using isoform-specific
primers. All isoforms of PAK were expressed except for PAK5 in the cell lines (Fig. 1A).
Similar to mRNA levels, PAK1, PAK2, PAK3, and PAK4 proteins were expressed in all six
cell lines, while PAK5 was not detected on WB (Fig. 1B). PAK6 protein was identified at
low levels in four of the six cell lines (not expressed in BCPAP and KTC1).

Thyroid cancer cell motility is group I PAK-dependent
The effect of PAK inhibition on cell migration was studied using Boyden chambers in which
motility was induced by serum gradient. To determine the effect of group I PAKs, the six
thyroid cancer cell lines were transfected with the group I PAK-specific PID inhibitor or a
vector control. In all cell lines, transfection of the PID significantly decreased cell motility
in the Boyden chambers (Fig. 2A; P<0.05 versus control transfection). To determine
whether inhibition of PAK also reduced cell viability, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays were performed. No statistical significance of
inhibition of cell viability was detected between the PID versus the control transfections for
any cell line (Fig. 2B). To confirm that the PID blocked PAK activity, we examined the
phosphorylation of two direct downstream targets of PAK, cRAF, and vimentin using
antibodies that detect phosphorylation at PAK-specific sites in transfected FTC133 cells.
WB confirmed that PAK phosphorylation of cRAF and vimentin was partially inhibited by
PID to a degree consistent with the ~50% transfection efficiency (Fig. 2C).

Thyroid cancer cell migration is PAK1-dependent
We next performed experiments to determine which of the group I PAK isoforms were
involved in cell migration using siRNA. BCPAP and FTC133 cells were used because they
are from the most common histological subtypes of thyroid cancer and express either mutant
BRAF V600E or have PTEN loss respectively (Supplementary Table 1). PAK1 siRNA
reduced transwell migration in the BCPAP and FTC133 cells (Fig. 3A; both P<0.001 versus
scrambled sequence control). By contrast, no significant effect of the PAK2 or PAK3
siRNAs was identified. Specific reduction of the appropriate target PAK isoform mRNA and
proteins was confirmed by real-time RT-PCR (Fig. 3B) (aZ0.05 controlled across PAK
isoform comparisons within experiment using Holm’s procedure) and WB (Fig. 3C)
respectively. In some experiments, the PAK1 siRNA also reduced PAK2 protein levels (Fig.
3C), but the PAK2 siRNA was specific and had no effect on migration, suggesting that
PAK1 is the primary isoform that regulates migration of the cell lines.
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Total and Thr423 phospho-PAK levels are increased in human PTC invasion
We analyzed four frozen tumor and normal paired samples from human FTC and PTCs for
PAK isoform expression by RT-PCR. Similar to the thyroid cancer cell lines, mRNA from
all PAK isoforms was expressed with the exception of PAK5 (Fig. 4A). Because our prior
gene expression data implicated PAK in the invasive fronts of PTCs, we used a second
group of seven PTCs selected for the presence of invasion into local tissues for analysis by
IHC using PAK1 and phospho-Thr423 PAK1/Thr402 PAK2 (pPAK) antibodies. The
immunoactivity was heterogeneous in the tumors; however, clusters of invasive cells were
characterized consistently by an increase in the levels of total PAK1 and pPAK compared to
both the central and normal regions (representative data in Fig. 5). Overall, each individual
evaluator determined that the invasive fronts were characterized by greater levels of
immunoactive total PAK1 and pPAK, particularly in the clusters of cells invading through
the capsule.

Discussion
In the present study, we have for the first time assessed PAK expression and function in
thyroid cancer cell lines and clinical samples and provided data that support a functional role
for PAKs in thyroid cancer cell biology. The rationale for this work was in part based on
previously published work demonstrating a gene profile consistent with EMT in the invasive
fronts of locally aggressive PTCs. Bioinformatics analysis of these data suggested that
integrin signaling was up-regulated in the invasive fronts, and in vitro experiments
demonstrated an association with PAK-phosphorylated vimentin and cell invasion (Vasko et
al. 2007). However, these studies did not directly assess PAK expression or activity in
thyroid cancers and did not include functional studies of PAK in thyroid cancer cell lines.

Human thyroid cancer cell lines, normal human thyroid tissue, and thyroid cancer tissue all
express PAK1, PAK2, PAK3, PAK4, and in most cases PAK6. These patterns are similar to
those found in other epithelial cells, such as breast and prostate (Kumar et al. 2006, Molli et
al. 2009). PAK6 protein expression was more variable than the other isoforms in the thyroid
cancer cell lines. This may be due to low levels of protein since the levels of PAK6 mRNA
were lower than the other isoforms. It could also be related to post-translational degradation
of PAKs or antibody sensitivity. Protein stability of PAK6 was not directly tested in this
manuscript. Since the literature describes PAK1, PAK2, and PAK4 as regulators of
cytoskeleton rearrangement and cell motility (Molli et al. 2009), and because PAK1 has
been shown to be oncogenic in vivo (Wang et al. 2006), we focused these experiments on
group I PAKs (PAK1, PAK2, and PAK3). We used a group I-specific molecular inhibitor,
PID, which binds specifically to the inhibitory domain of group I PAKs and inhibits
activation (Thullberg et al. 2007). Remarkably, the migration of each of the six thyroid
cancer cell lines was inhibited by PID expression despite the difference in tumor types and
genetic mutations. The migration inhibition was incomplete, likely related to the ~50%
transfection rate of the cells. Group I PAKs have also been shown to regulate cell
proliferation (Molli et al. 2009). Expression of the PID did not affect thyroid cancer cell
viability using MTT. It is possible that more subtle effects on cell proliferation would be
detected using other methods; however, it is notable that the effect on migration was much
more impressive in these same conditions. WB confirmed that phosphorylation of PAK
substrates was reduced by transfection of the PID compared with control transfectants.
While the data suggest an important role for group I PAKs in thyroid cancer cell motility, an
additional role for PAK4 or PAK6 in thyroid cells has not been excluded by these
experiments.

Because all three group I PAKs are expressed in the thyroid cancer cells, we next sought to
determine whether there was PAK isoform specificity for the anti-migration effect. For these
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experiments, we chose two of the confirmed thyroid cancer cell lines, BCPAP and FTC133.
BCPAP has a BRAF V600E mutation, and FTC133 has loss of PTEN expression. In both
cases, only the PAK1 siRNA significantly reduced migration compared with a scrambled
sequence siRNA control. Isoform-specific reduction of PAK siRNA was demonstrated at the
mRNA level by qRT-PCR. WB also demonstrated relative specificity of the siRNA,
although there was some reduction in immunoactive PAK2 with the PAK1 siRNA due to
either siRNA or antibody specificity. The RT-PCR data suggest the latter, and the absence
of an effect of the PAK2 siRNA on migration supports the conclusion of a more important
role for PAK1 in migration of the two cell lines. These results are also in concordance with
breast cancer cell lines in which an increase in PAK1 has been seen in aggressive and
invasive lines (Adam et al. 2000, Wang et al. 2006). The mechanisms for the greater impact
of PAK1 loss compared with PAK2 or PAK3 require further investigation. While group I
PAKs have been shown to have similar substrate specificities (Rennefahrt et al. 2007), in
some cell systems unique effects have been reported, but the mechanisms and unique
substrates require further study (Bright et al. 2009, Siu et al. 2010).

We next assessed the expression levels of PAK1 and pPAK in vivo. These data were
performed using a different set of tumors that were used for microarray analysis in the prior
studies and EMT protein staining that first implicated integrin signaling in thyroid cancer
invasion (Vasko et al. 2007). To assess the level of PAK expression and activity in the
invasive fronts, we performed IHC on this small series of PTCs that were selected for the
presence of local invasion. In most cases, an increase in both PAK1 and pPAK was noted in
the invasive front (representative case in Fig. 5). The staining in the tumors was
heterogeneous with greatest levels of immunoactivity identified in the nests of tumor cells
that were directly invading tumor capsules and local tissues. This heterogeneity is the
rationale for focusing on IHC experiments rather than WB of frozen tumor, which in our
tumor bank are from the central regions of the tumors. There are several potential reasons
for the increase in PAK1 protein levels identified in the invasive fronts. These include both
translational and post-translational mechanisms that require further study. In the present
study, RNA was not available from the invasive fronts in the current study for direct
comparison with protein levels. It is relevant to note that increased levels of PAK1 protein
have also been demonstrated in colon cancer, and ovarian cancer has been associated with
poor prognosis or poor prognostic features, suggesting this may be a common event in solid
tumor progression (Carter et al. 2004, Siu et al. 2010).

In the clinical sample component of the studies, we recognize that the sample number is
small, and in this series, we did not have adequate tissue to analyze for thyroid oncogene
expression. However, in our prior study, expression of EMT-related proteins was associated
with invasion and regional metastases independent of any particular thyroid oncogene
(Vasko et al. 2007). Moreover, the inhibition of migration was consistent between the six
cell lines despite being selected to express each of the most common thyroid oncogenes.
These data together suggest that PAK is essential to maintaining the migratory capacity of
motile thyroid cancer cells, and are consistent with the known key regulatory role of PAKs
in regulating cytoskeletal dynamics and lamellapod formation (Bokoch 2003). PAKs are
known to be regulated by several thyroid cancer-related signaling cascades including the
phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and Wnt
pathways (Kumar et al. 2006). Further studies are ongoing to dissect the role of PAK in the
action of these oncogenes in the context of thyroid cells with particular focus on MAPK and
PI3K pathway interactions due to their roles in thyroid cancer. PAK is known to have
complex interactions with members of both of these pathways. For example, PAK1 and
AKT are both functional substrates of PDK1 (King et al. 2000) and interact with mammalian
target of rapamycin (mTOR) (Ishida et al. 2007), and PAK1 physically binds and scaffolds
AKT1 regulating its localization and activity (specific for AKT1; Higuchi et al. 2008).
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PAK1 also has been shown to phosphorylate and regulate MAPK pathway molecules
including MEK and cRAF, and be important for oncogene-mediated cell proliferation and
MAPK activation (Nheu et al. 2004, Beeser et al. 2005, McDaniel et al. 2008, Somanath et
al. 2009). It is recognized that in vivo PAK activity may be initiated by other secondary non-
oncogene effectors including signaling molecules available in the tumor microenvironment.
Finally, we have focused the current studies on the role of PAK activity in thyroid cancer
tissues; however, some of the cell biology effects we have identified could be related to the
scaffolding function of PAK1. The role for PAK1-mediated scaffolding in thyroid cancer
cells is currently being studied.

In summary, we have defined the expression profiles of PAKs in human thyroid cancer cell
lines and benign and malignant thyroid tissues. Functional studies demonstrate a broad role
for group I PAKs in thyroid cancer cell migration and implicate PAK1 in this process.
PAK1 expression and pPAK levels are enhanced in the invasive fronts in human thyroid
cancer samples, consistent with the functional studies. Further research evaluating the
scaffolding function of group I PAKs in this process and in identifying the critical upstream
regulators of PAK is warranted to fully define the role of PAKs as potential mediators of
thyroid cancer migration and invasion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PAK isoform expression in thyroid cancer cells. Expression of PAK isoforms was examined
by RT-PCR (A) and WB (B) in six established human thyroid cancer cell lines. (A) For the
RT-PCR, negative controls were RT-negative reactions with RNA from each cell line and
non-template control. The RNA from HEK293 cells transfected with PAK5 was used as a
positive control, since HEK293 cells express all PAK isoforms except for PAK5. All PAK
isoforms except PAK5 were expressed in all six human thyroid cancer cell lines. RT, reverse
transcriptase; NTC, non-template control. (B) For WB, the protein was isolated from
HEK293 cells transfected with each PAK isoform and used as positive controls. All six cell
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lines expressed all PAK1, PAK2, PAK3, and PAK4 isoforms, and no expression of PAK5
was seen. PAK6 protein was not detected in BCPAP and KTC1 cells.
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Figure 2.
Group I PAKs regulate thyroid cancer cell migration. (A) All six thyroid cancer cell lines
were transfected with GFP-tagged PID construct, a group I PAK-specific inhibitor.
Transfection efficiencies were w40–60%; PID transfection reduced migration by more than
50% compared to vector control in all six human thyroid cancer cell lines. *Signifies
statistical significance; P values were 0.0025 for BCPAP, 0.018 for KTC1, <0.0001 for
TPC1, 0.0091 for FTC133, 0.0121 for C643, and 0.0054 for SW1736. (B) MTT assays were
performed to examine cell viability. There was no difference between cells transfected with
control vector and PID vector. (C) Phosphorylation status of two downstream targets of
group I PAKs was examined by antibody against PAK-specific phosphorylation site using
FTC133 cells. PID transfection reduced phosphorylation of both cRAF and vimentin
without changing total protein levels to a level that corresponds with transfection efficiency.
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Figure 3.
Thyroid cancer cell motility is PAK1-dependent. (A) Transfection of PAK1 siRNA reduced
cell migration by about 50% compared to scramble control in BCPAP and FTC133 cells
(*P<0.01 versus control). In contrast, there was no statistical significant change by the
transfection of either PAK2- or PAK3-specific siRNA transfection in either cell line. (B and
C) RT-PCR confirmed isoform-specific knockdown by RT-PCR (B: all P<0.05) and by
western blot.
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Figure 4.
PAK mRNA levels in human thyroid tissues. Similar to cell line results, all six PAK isoform
mRNAs were expressed in both normal thyroid and cancer tissues except PAK5. RNA from
HEK293-transfected cells with PAK5 was used as a positive control. RT, reverse
transcriptase; FTC, follicular thyroid cancer; PTC, papillary thyroid cancer; NTC, non-
template control.
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Figure 5.
PAK1 and pPAK are overexpressed in PTC invasive fronts. Seven primary PTCs with local
invasion from which sections were available containing normal thyroid, central tumor, and
the invasive front on the same slide were selected for IHC for PAK1 and pPAK. Data from
one representative sample are shown; (A) is IHC for PAK1 at 10× and 40× power; (B) is
IHC for pPAK. Increased immunoactivity (brown staining) is noted in the invasive front.
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