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Abstract

There are limited therapy options for advanced thyroid cancer, including papillary and anaplastic 

thyroid cancer (PTC and ATC). Focal Adhesion Kinase (FAK) regulates cell signaling by 

functioning as a scaffold and kinase. Previously we demonstrated that FAK is overexpressed and 

activated in thyroid cancer cells and human PTC clinical specimens. However, it remains unclear 

whether patients with advanced thyroid cancer will benefit from FAK inhibition. Therefore, the 

dual functions of FAK in mediating pro-tumorigenic processes and thyroid tumorigenesis were 

investigated. Evidence here shows that FAK expression predominantly regulates thyroid cancer 

cell growth, viability, and anchorage-independent growth. FAK inhibition, with PF-562,271 

treatment, modestly reduced tumor volumes, while FAK depletion, through shRNA knockdown, 

significantly reduced tumor volumes in vivo. A role for FAK expression in tumor establishment 

was demonstrated in a model of PTC, where FAK knockdown tumors did not develop. FAK 

depletion also led to a significant decrease in overall metastatic burden. Interestingly, pretreatment 

with a FAK inhibitor resulted in a paradoxical increase in metastasis in a model of ATC, but 

decreased metastasis in a model of PTC. These data provide the first evidence that FAK expression 

is critical for the regulation of thyroid tumorigenic functions.
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INTRODUCTION

Thyroid cancer is the most common endocrine malignancy accounting for ~4% of all new 

cancer cases diagnosed in 2014 in the U.S. (1), and the incidence has been increasing (2). 

While the majority of patients respond well to standard-of-care therapy, including tumor 

resection and radioactive iodine, local recurrence occurs in up to 20% of patients (3). 

Patients with advanced thyroid cancer, including those diagnosed with advanced papillary 

thyroid cancer (PTC), anaplastic thyroid cancer (ATC), and those with distant metastases, 

have extremely reduced survival. Specifically, patients with advanced PTC have a 5-year 

survival rate of 55% while patients with ATC, accounting for the most thyroid cancer related 

deaths, have a 1-year survival rate of only 20% (2). Unfortunately, there are limited effective 

therapy options for these patients (4).

Approximately 70% of thyroid cancers exhibit aberrant activation of the Mitogen Activated 

Protein kinase (MAPK) pathway due to mutations in effector proteins, including B-Raf, Ras, 

and through RET/PTC rearrangements (4). Despite the importance of the MAPK pathway in 

thyroid cancer, MAPK-directed therapies have had limited efficacy thus far (2). We have 

focused on the role of Src family kinases (SFKs), which are frequently overexpressed and 

activated in many tumor types (5). Src has been shown to promote multiple pro-tumorigenic 

functions including proliferation, survival, and migration through activation of downstream 

pathways including phosphoinositide 3-kinase (PI3K), Stat-3, p130Cas, paxillin, and focal 

adhesion kinase (FAK) (6). FAK (PTK2) has been shown to physically and functionally 

interact with Src to promote a variety of cellular responses (7). Notably, our previous studies 

have shown that FAK phosphorylation at the Src-dependent phosphorylation site, Y861, 

correlates with Src inhibitor sensitivity in thyroid cancer cell lines in vitro and in vivo (8,9).

Pathological studies have shown that FAK expression is deregulated in a number of cancers, 

including breast, colon, ovarian, pancreas, prostate, and others (10). In a previous study, 

FAK protein was observed to be overexpressed in a subset of PTC and ATC samples and 

correlated to a more invasive phenotype (11,12). We recently demonstrated that FAK is 

overexpressed in thyroid cancer cell lines, and in 10 out of 10 human PTC samples tested 

(8). We further showed that FAK is phosphorylated at Y861 in 5 out of 10 PTC samples (8). 

Accordingly, a study by Michailidi et al observed FAK expression in 25 out of 45 (75%) 

PTC samples and in 1 of 2 (50%) ATC samples (13). Phosphorylation of FAK at Y861 was 

more frequent in malignant compared to benign samples, and in PTC compared to 

hyperplasia samples, further supporting a role for Src and FAK signaling in thyroid cancer 

(13).

FAK is a non-receptor tyrosine kinase, and is a key regulator of signaling pathways by 

functioning as a scaffold to facilitate protein-protein interactions, and as a kinase by 

phosphorylating multiple substrates. This dual-function protein allows for cross-talk 

between integrins and growth factor receptors to regulate cell proliferation, survival, 

migration, and invasion (14). Autophosphorylation of FAK at Y397 occurs upon association 

with integrins or growth factor receptors. This phosphorylation site creates a high-affinity 

binding site for SH2-domain containing proteins such as Src and PI3K (14), which is 

thought to lead to the phosphorylation of other FAK tyrosine residues, including Y576/577 
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located in the kinase domain, as well as Y407, Y861, and Y925, thereby creating binding 

sites for effector proteins of downstream pathways (15). FAK can signal to the MAP kinase 

and Akt pathways, however, it remains unclear how mutational activation of the MAP kinase 

and PI3K/Akt pathways affects FAK-dependent signaling (16,17). Finally, effector binding 

sites on FAK are found within the FERM domain and the proline-rich regions, which are 

important for paxillin and p130Cas binding to regulate cell motility, migration, and invasion 

(15). Taken together, it is becoming clear that FAK mediates multiple signaling pathways 

through both its kinase and scaffolding functions. Therefore, FAK may promote key pro-

tumorigenic processes through distinct kinase-dependent and kinase-independent 

(scaffolding) mechanisms, and targeting these dual functions may provide new therapeutic 

strategies for cancer patients.

Several small molecule inhibitors targeting FAK kinase activity have been developed and 

evaluated in both pre-clinical models and clinical trials. Recently, a phase I clinical trial with 

the FAK kinase inhibitor PF-562,271 (Pfizer) (acquired by Verastem, now VS-6062) was 

completed in pancreatic cancer, squamous cell carcinoma, and castrate-resistant prostate 

cancer, where ~30% of patients demonstrated stable disease at first restaging imaging (18). 

Thus, providing support for further investigation of FAK as a promising therapeutic target. 

In addition, clinical trials with other FAK kinase inhibitors including GSK-2256098 (Glaxo 

Smith Kline) and two drugs from Verastem, VS-6063 and VS-4718, originally PF-04554878 

and PND-1186 respectively, are ongoing in patients with advanced ovarian cancer, solid 

tumors, and metastatic non-hematological malignancies (19,20). As noted above, because 

FAK can function independently of its kinase activity (by acting as a scaffold for protein-

protein interactions), drugs that only target the catalytic activity of FAK may not be 

sufficient to block regulation of kinase-independent pro-tumorigenic responses (21). As 

such, drugs that block the protein-protein interaction between effector proteins and FAK are 

currently being evaluated in pre-clinical models. These include small molecules that 

interrupt the interaction between FAK and VEGFR, IGFR-1, Mdm-2, and p53 (Cure FAKtor 

Pharmaceuticals) (19). Therefore, in order to effectively target FAK clinically, a better 

understanding of FAK signaling is needed. Here we define the role of FAK expression and 

kinase activity, and demonstrate that FAK expression, not kinase activity, plays a key role in 

regulating thyroid cancer establishment, progression, and metastasis.

MATERIALS AND METHODS

Cell culture

Human thyroid cancer cell lines BCPAP, 8505C, and Cal62 were provided by M. Santoro 

(Medical School, University of Naples Federico II, Naples, Italy). SW1736 and C643 cells 

were obtained from Dr. K. Ain (University of Kentucky, Lexington, KY) with permission 

from N. E. Heldin (University Hospital, Uppsala, Sweden). TPC1 cells were provided by S. 

Jhiang (Ohio State University, Columbus, OH). TJH11T and THJ16T cells were obtained 

from J. A. Copland (Mayo Clinic Comprehensive Cancer Center, Jacksonville, FL). Prior to 

use in experiments, cell lines were validated using short tandem repeat profiling using the 

Applied Biosystems Identifiler kit (#4322288) in the Barbara Davis Center BioResources 

Core Facility, Molecular Biology Unit, at the University of Colorado, or as previously 

Kessler et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



described (8). Cells were also tested for Mycoplasma contamination using Lonza Mycoalert 

system according to the manufacturer’s directions prior to use. Cells were grown in RPMI 

(Invitrogen) containing 5% FBS (Hyclone) and maintained at 37°C in 5% CO2. shRNA 

targeting human FAK (Sigma mission TRCN0000121318 and TRCN0000121319) and a 

scramble control (Sigma mission pLKO.1-puro, SHC002) were packaged for lentiviral 

delivery via HEK293T cells using Effectene Transfection reagent (Qiagen), according to 

manufacturer instructions. Short-term selection was achieved with puromycin. Transductions 

of shRNA targeting FAK and the scramble control were performed for each individual 

experiment. shFAK TRCN0000121318 (shFAK1) was used for all in vivo experiments.

Cellular growth assays

BCPAP cells (1×104) or 8505C cells (5×103) were treated with 1 µM PF-573,228 (Pfizer) or 

DMSO every 3 days for 6 days, and harvested with trypsin-EDTA. Viable cells were counted 

using a Beckman Coulter ViCell cell counter with trypan blue exclusion as previously 

described (8). For sulforhodamine B (SRB) assays, cells were plated as previously described 

(9) and treated with increasing concentrations of PF-573,228, as indicated.

Soft agar assay

Cells (1×104) were suspended in 0.35% agar with complete media and plated on a base layer 

of 0.6% agar (Difco Agar Noble, BD Biosciences). After 24 hours, cells were treated with 

vehicle (DMSO) or 1 µM PF-573,228. Media containing vehicle or drug was replenished 

every 3 days for a total of 20 days. Colonies were stained with nitroblue tetrazolium chloride 

(Amresco; 5 mg/ml) and incubated overnight at 37°C to develop the stain. Colonies were 

counted using ImageJ software.

Western blotting

Cells treated with the indicated doses of PF-573,228 or DMSO were harvested in CHAPS 

lysis buffer (10mM CHAPs, 50mM Tris (pH8.0), 150mM NaCl and 2mM EDTA) with 1× 

phosphatase and protease inhibitor cocktail (Roche). Protein lysates resolved on SDS-PAGE 

gels were transferred to Immobilon-FL membranes (Millipore) and incubated at 4°C 

overnight with the following antibodies: FAK, p130Cas (BD Bioscience); pY397FAK 

(Abcam); pY925FAK, PYK2, pY416Src, pY527Src Src, pY410p130Cas, ppERK 1/2, ERK 

1/2, pS473Akt, pT308Akt, Akt, ppT180/Y182P38, P38 (Cell Signaling); pY861FAK, 

pS910FAK, pY402PYK2 (invitrogen); α-tubulin (CALBIOCHEM) diluted in 1:3 Odyssey® 

Blocking Buffer in TBST (LICOR). Blots were incubated with secondary goat anti-mouse or 

anti-rabbit IRDye-conjugated antibodies (LICOR), and proteins were imaged with the 

Odyssey CLx imager (LICOR).

Invasion assay

BCPAP (5 × 105) and 8505C cells (4 × 105) were starved in RPMI with 0.1% FBS and 

treated with PF-573,228 or DMSO at the indicated concentration. After 24 hours, cells were 

harvested and seeded in the upper chambers of Matrigel-coated transwells 24-well, 8 µM 

pore size; BD Biosciences) in 0.1% FBS RPMI with PF-573,228 or DMSO. RPMI with 10% 

FBS and PF-573,228 or DMSO was added to the lower chamber. Cells were allowed to 

Kessler et al. Page 4

Mol Cancer Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



invade for 24-hours. Invading cells on the lower surface of the membrane were fixed with 

methanol for one minute and stained DAPI (3 µg/mL, Invitrogen). Nuclei were quantified in 

five microscope fields under 10× magnification using Image J software and a Nikon 

microscope.

Drug preparation and administration

For in vitro studies, PF-573,228 was prepared in DMSO. For in vivo studies, PF-562,271 

(50mg/kg) was prepared for daily oral gavage (7 d/wk) in 5% w/v Gelucire 44/14 

(Gattefossé) in MiliQ water. For the orthotopic murine model, mice were randomized for 

treatment on day 10 based on bioluminescence activity. In the metastatic model, mice 

received PF-562,271 or vehicle, starting 2 days before intracardiac injection (pre-treatment), 

or on day 8 following randomization (post-treatment). Both treatment approaches were 

continued throughout the experiment.

Animal studies

All animal studies were conducted in accordance with the animal protocol procedures 

approved by the Institutional Animal Care and Use Committee at the University of Colorado 

Denver. For the orthotopic murine model, BCPAP and 8505C cells (5 × 105 in 5 µL) 

engineered to express a luciferase-IRES-GFP plasmid were injected into the right thyroid 

lobe of athymic nude mice (Harlan: Athymic Nude-Foxn1nu; female, 6–8 week old), as 

previously described (9,22). Tumor establishment and progression was measured weekly by 

detection of bioluminescence with the Xenogen IVIS200 system (Caliper) in the University 

of Colorado Cancer Center (UCCC) Small Animal Imaging Core. Bioluminescence activity 

(photons/s) was quantitated using the Living Image 2.60.1 software (Igor Corp). Minimum/

maximum thresholds were normalized to compare images using the same scale. Final 

thyroid tumor size was measured with calipers and volume was calculated using the 

following formula for an ellipsoid-like shape: tumor volume = (length × width × 

height)*0.5236.

For the experimental metastasis murine model, athymic nude mice (Harlan: Athymic Nude-

Foxn1nu; female, 5-week old) received D-Luciferin (3 mg) via intraperitoneal injection, and 

5 minutes later each mouse was anesthetized using isofluorane. BCPAP-luc-IRES-GFP cells 

or 8505C-luc-IRES-GFP cells (105 cells in 100 µL PBS) were injected into the left ventricle 

using a 26-gauge needle, as previously described (9). Successful injection into the left 

ventricle was monitored by the pulsatile flow of red blood into the needle hub indicating 

correct placement, and by whole body bioluminescence immediately following injection (1 

minute images). Metastatic progression was monitored weekly by IVIS imaging. Mice were 

sacrificed if more than 20% body weight was lost, and based on moribund criteria. For ex 

vivo imaging, mice were injected with D-luciferin (3 mg/mouse) before necropsy. Tissues of 

interest were excised, placed in 6-well tissue culture plates containing D-luciferin in PBS, 

and imaged for 5 seconds to 2 minutes.

IHC staining and pathologist scores

Tumors were collected and fixed in 10% buffered-formalin. Samples were embedded in 

paraffin and sections were cut by the UCD Research Histology Shared Resource Core. 
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Sections were stained with hematoxylin and eosin according to a standardized protocol. 

Invasion was scored by a pathologist using the following criteria: 1 = Minimal: Rare focal 

superficial invasion; 2 = Mild: Multifocal superficial invasion; 3 = Moderate: deep invasion; 

4 = Severe: Extensive deep invasion with visceral invasion. IHC staining for Ki67 

(Invitrogen #180191Z; 1:100) was performed and scored as percent of positive cells. CD34 

(Abcam ab81289; 1:500) staining was performed by the UCD Research Histology Shared 

Resource Core. Sections were examined under low magnification for representative areas of 

tumor. Three 20× fields were selected with the highest density of vessels. Vessels were 

counted and counts averaged to determine the mean vascular density (MVD). 

Phosphorylated Y397FAK (Abcam ab8298; 1:300) staining was performed and scored based 

on degree of expression (0 through 3).

Statistical analysis

Data show the mean of at least 3 independent experiments ± SD or SEM, as indicated. 

GraphPad Prism statistical software was used to perform the 2-tailed Student’s t-test and for 

2-way ANOVA analysis. Fold changes are calculated from mean values of each treatment 

group. For all statistical analyses, asterisks (*) indicates p≤0.05; ** = p≤0.01; *** = 

p≤0.001, **** = p≤0.0001 and n.s = not significant.

RESULTS

Inhibition of FAK kinase activity versus FAK expression differentially regulates growth

We have previously demonstrated that increased levels of FAK phosphorylation at the Src-

dependent site, Y861 and the FAK autophosphorylation site, Y397, correlates with 

sensitivity to Src inhibition (8,9). To further define the role of FAK in thyroid cancer, we 

focused on cell lines with high (BCPAP) and low (8505C) sensitivity to Src inhibition, to 

specifically evaluate the kinase-dependent and –independent functions of FAK (8,9). To 

define the role of kinase activity, we used the FAK kinase inhibitor, PF-573,228, to 

selectively inhibit FAK kinase activity. Figure 1A shows that while treatment with 0.1 µM 

PF-573,228 has modest effects on pY397-FAK levels (~10–20% reduction), treatment with 

1 µM PF-573,228 resulted in decreased levels of phospho-FAK (pY397) in both BCPAP and 

8505C cells (~40–50% reduction) (Figure 1A). Of note, complete inhibition of 

phosphorylation at pY397FAK was not observed at 1 µM of PF-573,228, potentially due to 

continued phosphorylation of this site by upstream kinases, as previously observed in other 

tumor models (23–25). Additionally, no compensatory increase in the phosphorylation of the 

FAK-related kinase, PYK2, was observed in either cell line with PF-573,228 treatment (data 

not shown). We next evaluated the effects of FAK kinase inhibition on Src activity, which 

has been coupled to FAK activation in other cellular contexts. Interestingly, Src 

phosphorylation at the activating Y416 site or negative regulatory Y527 site was not affected 

by FAK kinase inhibition in either the BCPAP or 8505C cells (Figure 1A). Consistent with 

the lack of regulation of Src, we show that phosphorylation of the Src-dependent sites, 

Y861FAK and Y925FAK, are not altered in response to PF-573,228 treatment, indicating 

that Src-dependent phosphorylation of these sites is not disrupted by inhibition of FAK 

autophosphorylation (Figure 1A). Further evaluation of p130Cas, a downstream target of 

FAK and Src (26), showed no consistent regulation in response to PF-573,228 treatment 

Kessler et al. Page 6

Mol Cancer Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Figure 1A). However, we have previously shown that phosphorylation of paxillin and 

p130Cas is inhibited in response to Src inhibition (9) (data not shown), indicating that 

p130Cas is a target of Src and not FAK. Together these results indicate that while inhibition 

of FAK kinase activity with PF-573,228 reduces FAK autophosphorylation, this does not 

disrupt the activity of Src, or the phosphorylation of the Src-dependent sites pY861 or 

pY925. Furthermore, our results show that p130Cas is likely a target of Src, and not FAK, in 

thyroid cancer cells, consistent with recent studies in breast cancer using a structurally 

distinct FAK kinase inhibitor, PND-1186 (27).

Finally, we evaluated the regulation of ERK and Akt signaling in response to FAK kinase 

inhibition, given the important role of these oncogenic pathways in thyroid cancer. In 

addition, both the BCPAP and 8505C cells express the BRAF V600E mutation. Figure 1A 

shows that FAK kinase inhibition does not affect phospho-ERK1/2 levels, consistent with 

mutant-BRAF driving ERK activity in these cells. Interestingly, phosphorylation of Akt (at 

S473) was decreased in response to FAK inhibition (Figure 1A) indicating FAK may rely on 

Akt for signaling responses.

To begin to define the role of FAK kinase activity in tumorigenic processes, the effects of 

FAK kinase inhibition on adherent growth was evaluated by cell viability assays. We 

observed that FAK kinase activity is dispensable for adherent cell growth in both the BCPAP 

and 8505C cells, as treatment with 1µM PF-573,228 did not significantly inhibit cell growth 

(Figure 1B). These results are consistent with other tumor models, where FAK kinase 

activity has modest effects on adherent cell growth (27,28). In addition, no enhanced 

sensitivity to FAK inhibition was observed in the presence of fibronectin, suggesting that 

integrin activation does not alter dependency on FAK activity in thyroid cancer cell lines 

(Figure S1). Of note, dual inhibition of FAK and PYK2 by treatment with PF-562,271 

(Pfizer), also had minimal effects on adherent growth of thyroid cancer cells in vitro (data 

not shown), suggesting that compensatory PYK2 signaling is not important. We next 

evaluated the role of FAK on anchorage-independent growth, where FAK scaffolding and 

kinase activity have been shown to play an important role in other tumor types, including 

ovarian and breast cancer (29–31). We performed colony formation assays where the 

BCPAP and 8505C cells were exposed to 1 µM PF-573,228 for 20 days. While FAK kinase 

inhibition did not affect adherent cell growth (Figure 1B), Figure 1C shows that FAK kinase 

inhibition with PF-573,228 effectively inhibited colony formation by ~60% in the BCPAP 

cells (p≤0.05, t-test), but did not significantly affect colony formation in the 8505C cells 

(~20%: p=n.s., t-test). We also tested the effects of FAK kinase inhibition on additional 

thyroid cancer cell lines under adherent and anchorage independent conditions. Figure S2A 

shows that with the exception of the C643 and TPC1 cells, the majority of thyroid cancer 

cell lines tested are relatively resistant to FAK kinase inhibition under adherent conditions 

(IC50 > 1 µM). Enhanced sensitivity to PF-573,228 treatment under anchorage-independent 

conditions was also observed in the RAS-mutant C643 cells, while the remaining thyroid 

cancer cell lines exhibited similar sensitivities in adherent and anchorage-independent 

conditions (Figure S2A and S2B). Together these data indicate that for certain thyroid cancer 

cell lines, FAK activity is more important in a three-dimensional, anchorage-independent 

environment. However, the precise mechanisms mediating this response remain under 

investigation, but appear to be independent of oncogene mutation status.
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To begin to define the role of both FAK scaffolding and kinase functions in thyroid 

tumorigenesis, a genetic approach was used to generate cells lacking FAK protein 

expression. Specifically, two independent shRNA constructs targeting FAK (shFAK-1 and 

shFAK-2) or a scrambled control were introduced into cells via lentiviral transduction. After 

short-term selection, Western blot analysis showed efficient knockdown of total FAK in both 

the BCPAP and 8505C cells, which corresponds to a loss of pY397FAK (Figure 2A). 

Similar to inhibition of FAK kinase activity (Figure 1A), pY416Src levels were not 

consistently decreased by expression of shFAK, indicating that Src phosphorylation is not 

dependent on FAK expression or activity (Figure 2A). In addition, pAkt levels were not 

consistently regulated by knockdown of FAK expression. Finally, phospho-ERK1/2 levels 

were not affected by knockdown of FAK expression, consistent with ERK being a target of 

oncogenic BRAF, but not FAK, in these cells (Figure 2A).

In order to define the role of FAK expression on adherent cell growth, growth of BCPAP and 

8505C cells expressing shFAK or scrambled control was assessed by ViCell counting 

(Figure 2B). FAK knockdown resulted in ~50–65% growth inhibition in the BCPAP cells, 

and ~50% inhibition of 8505C cells (BCPAP shFAK1: p≤0.01, shFAK2: p≤0.05, t-test; 
8505C shFAK1: p≤0.01, t-test; shFAK2: p≤0.01, t-test). Both FAK kinase activity and 

expression have been shown to promote anchorage independent growth in certain cellular 

contexts (32,33). As shown in Figure 2C, the BCPAP cells are extremely sensitive to the loss 

of FAK expression, with a reduction in colony formation of ~80–90% (p≤0.0001, t-test). 
Colony formation was also significantly decreased by ~60–80% in the 8505C cells with 

FAK protein knockdown (shFAK1: p≤0.0001; shFAK2: p≤0.01, t-test). Taken together with 

the inhibition of FAK kinase activity, these results indicate that both adherent and 

anchorage-independent growth of thyroid cancer cells is predominately regulated by FAK 

protein expression (Figure 1B, 1C, 2B, and 2C).

Tumor growth is differentially regulated by FAK kinase activity and expression

We next evaluated the role of FAK kinase activity versus expression in tumor establishment 

and growth using the orthotopic thyroid cancer model (9,34–38). To assess the role of FAK 

kinase activity, BCPAP or 8505C cells engineered to stably express a luciferase-IRES-GFP 

plasmid were injected into the right thyroid gland of athymic nude mice, as previously 

described (9). Tumor establishment and progression was monitored by detection of 

bioluminescence. Mice were randomized after tumor establishment on day 10 and treated 

daily with the orally available and structurally related FAK/PYK2 kinase inhibitor 

PF-562,271 (50mg/kg) (32,39). Using this model, we observed significant inhibition of 

BCPAP orthotopic tumor growth after 14 days of FAK inhibitor treatment (day 24: p≤0.01, 
t-test), as compared to the vehicle-treated control mice (Figure3A and 3B). Overall, 

treatment with PF-562,271 resulted in ~40% reduction in BCPAP orthotopic final tumor 

volume, average of 125.58 ± 87.03 mm3, while vehicle-treated control mice developed 

orthotopic tumors with an average volume of 213.34 ± 95.12 mm3 (p≤0.05, t-test; Figure 

3C). Finally, we observed a significant decrease in pY397FAK levels in FAK inhibitor-

treated mice compared to vehicle-treated controls by immunohistochemical analysis 

(Figure3D and 3F, p≤0.05, t-test).
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Similar to the BCPAP (PTC) tumors, we also observed a significant inhibition of tumor 

growth in the 8505C orthotopic model 14 days after treatment with PF-562,271 (day 24: 

p≤0.05, t-test) (Figure4A and 4B). While a significant difference in bioluminescence 

imaging was not observed at the final time point, average final tumor volumes for vehicle-

treated mice versus PF-562,271 treated mice were 84.25 ± 19.22 mm3 and 55.86 ± 35.03 

mm3, respectively, with a decrease in tumor growth of 34% (p≤0.05, t-test) (Figure 4C), 

indicating PF-562,271 treatment results in significant inhibition of tumor growth. We also 

observed that expression of pY397FAK was significantly decreased in the 8505C tumors 

treated with PF-562,271 compared to vehicle-treated controls (Figure4D and 4F: p≤0.01, t-
test).

Due to the important role of FAK signaling in tumor invasion (21), we next evaluated 

whether inhibition of FAK kinase activity would disrupt this process. Interestingly, we did 

not observe a significant difference in invasion with FAK inhibitor treatment in the BCPAP 

or 8505C orthotopic models (Figure3E and 4E). Consistently, in vitro invasion assays using 

Matrigel-coated transwell chambers in the presence or absence of FAK kinase inhibitor (1 

µM PF-573,228) was also not significantly inhibited (Figure S3A). We next evaluated the 

effects of FAK kinase inhibition on proliferation in vivo. Similar to the effects of FAK 

kinase inhibition on in vitro cell growth (Figure 1B), Ki67 staining of FAK inhibitor treated 

tumors did not reveal significant change in proliferation compared to vehicle tumors (Figure 

S4A and S4B). Additionally, FAK has been shown to play a key role in angiogenesis 

through its function in endothelial cells (40). However, CD34 staining, a marker of mouse 

endothelial cells, revealed no change in angiogenesis in the orthotopic tumors in response to 

FAK kinase inhibition (Figure S5A and S5B). Together, these data indicate that the kinase 

activity of FAK contributes to the pro-tumorigenic processes necessary for thyroid tumor 

progression, although the mechanism(s) remain unclear.

Given the key role for FAK expression in the regulation of both adherent and anchorage 

independent thyroid cancer cell growth (Figure 2B and 2C), we next evaluated the role of 

FAK expression in thyroid tumor establishment and progression in vivo. Specifically, 

BCPAP or 8505C cells expressing either shFAK or scrambled control were injected into the 

thyroid glands of nude mice orthotopically, as described above. Representative images of 

mice injected with BCPAP cells expressing scrambled control or shFAK are shown in Figure 

5B. Notably, tumor establishment was inhibited in the BCPAP shFAK group by 

bioluminescence (Figure5A and 5B), and no tumors were present at the time of dissection 

(Figure 5C). We observed a robust inhibition of 8505C tumor growth with shRNA 

knockdown of FAK, but in contrast to the BCPAP-derived tumors, the 8505C-derived 

tumors expressing shFAK were able to establish (Figure5D and 5E) and grow to an average 

final tumor volume of 19.98 ± 9.89 mm3, representing an ~80% average reduction in tumor 

volume compared to the scrambled control tumors (p≤0.0001, t-test; scrambled average final 

tumor volume of 122.5 +/− 45.67 mm3; Figures 5F). In contrast to FAK kinase inhibition 

(Figures 3E and 4E), we observed that FAK knockdown significantly inhibited invasion in 

the 8505C orthotopic model (Figure5G and 5H, p≤0.01, t-test), despite having no effect on 

invasion in vitro (Figure S3B). However, in contrast to our in vitro data (Figure 2B), FAK 

depletion did not significantly affect cellular proliferation in vivo, as measured by Ki67 

staining (Figure S6). Taken together, these data indicate that FAK expression plays a key 
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role in tumor establishment and/or progression, as well as invasion, of thyroid cancer cells in 
vivo and that FAK kinase activity may be more important for tumor progression.

Inhibition of FAK kinase activity reduces PTC metastasis in vivo but increases metastasis 
in an ATC model

FAK has been shown to play an important role in metastasis (31,41–43), but how FAK 

contributes to metastatic process, and whether pharmacological inhibition of FAK kinase 

activity will prevent or inhibit the development of metastases is not clear. In order to study 

the role of FAK in the development of distant metastases, we employed an intracardiac 

injection experimental metastasis model, which models the late stages of metastasis, 

including intravasation and organ colonization, and allows for the analysis of systemic tumor 

formation. We first asked whether FAK kinase inhibition would prevent the development of 

systemic tumor formation using a pretreatment approach, where mice were dosed with 

PF-562,271(50mg/kg) daily by oral gavage, two days before tumor cell injection, and 

treatment was continued throughout the experiment. The one-minute images shown in 

Figure 6B validate successful left ventricle injection and bioluminescent cell dissemination 

throughout the body. Weekly bioluminescence imaging of the BCPAP tumors shows that 

tumors treated with PF-562,271 exhibited a ~2-fold reduction in overall tumor burden 

compared to the vehicle treated counterparts (p≤0.0001, ANOVA; Figure6A and 6B), 

indicating that this pretreatment treatment approach has the potential to delay metastatic 

progression in this model.

To determine the role of FAK kinase activity in ATC metastasis, 8505C cells expressing 

luciferase were evaluated using the same pretreatment treatment approach described in 

Figure 6, where mice were treated with PF-562,271 two days before tumor cell injection, 

and treatment was continued throughout the experiment. Successful left ventricle injection 

of 8505C cells is shown in Figure 7C (1 minute images). Surprisingly, weekly imaging 

revealed a significant 1.5-fold increase in total tumor burden with this FAK inhibitor 

pretreatment approach (day 7: p≤0.01, day 14: p≤0.05, day 21: p≤0.05, day 35: p≤0.001; t-
test; Figure7A and 7C). The increase in 8505C tumor formation using the pretreatment 

approach was observed in two different experiments, and this data is combined in Figure 7A. 

Due to the unexpected increase in tumor burden in response to PF-562,271 pretreatment, we 

asked if this was due to the timing of PF-562,271 treatment. Therefore, we used a post-

treatment approach, where PF-562,271 (50mg/kg) was administered 8 days after intracardiac 

injection of the 8505C cells, when tumors have established. Interestingly, the post-treatment 

approach with PF-562,271 resulted in a 3.7-fold decrease in overall tumor burden (p≤0.01, t-
test), with final tumor burden of 1.83×109 ± 1.04×109 photons/second for vehicle-treated 

mice and 4.98×108 ± 1.73×108 photons/second for the post-treatment group (Figure7B and 

7C). Together, these results indicate that the response of the 8505C tumors is dependent on 

the timing of FAK inhibitor treatment, where the pretreatment approach increases overall 

tumor burden, and the post-treatment approach reduces overall tumor burden. Interestingly, 

analysis of ex vivo imaging shows an increase in metastasis to the bone of PF-562,271 pre-

treated mice compared to either vehicle-treated or PF-562,271 post-treated mice (Figure S7), 

suggesting that the mechanism(s) of this response may be specific to the bone.
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FAK expression regulates thyroid cancer metastasis

To determine the role of FAK expression in metastasis, cells expressing shFAK and a 

scrambled control shRNA were tested in the experimental metastasis model, as described 

above (Figures 6 and 7). Because FAK expression abolished tumor establishment in an 

orthotopic model of PTC (Figure 5A–C), the experimental metastasis model was employed 

only in the 8505C (ATC) cells. Consistent with the role of FAK expression in adherent and 

anchorage independent growth (Figure 2B–C), as well as orthotopic tumor growth (Figure 

5A–F), overall tumor formation was significantly inhibited (20.6-fold reduction) in mice 

injected with 8505C shFAK expressing cells as compared to cells expressing scrambled 

shRNA (Figure 8A–B; p≤0.001; ANOVA). These results indicate that FAK expression plays 

a key role in the development and/or progression of metastases.

DISCUSSION

There are currently limited effective therapies for patients with advanced thyroid cancer, 

especially those with distant metastases (4). We have previously shown that FAK is 

overexpressed and activated in thyroid tumors, as well as in cell lines derived from advanced 

thyroid cancer patients (8). However, it is unclear how the functions of FAK mediate thyroid 

cancer, and whether the kinase or scaffolding functions of FAK are more important. 

Inhibitors targeting the kinase activity of FAK have provided an opportunity to directly test 

the role of FAK kinase activity and are currently being tested in clinical trials (18). Herein, 

we provide evidence that FAK expression versus kinase functions play distinct roles in 

thyroid cancer. Furthermore, we identify FAK expression as critical for thyroid cancer 

growth and metastasis, providing a new molecular target for advanced thyroid cancer.

In this study, we show that inhibition of FAK kinase activity with the selective small 

molecule inhibitor, PF-573,228, results in the inhibition of FAK Y397 autophosphorylation, 

without inhibition of p130Cas or Src phosphorylation. While these results are somewhat 

surprising, they are consistent with recent studies in breast cancer using the PND-1186 FAK 

kinase inhibitor (27). In addition, we did not observe regulation of ERK1/2 in response to 

inhibition of FAK kinase activity or expression (Figure1A and 2A), indicating that FAK does 

not regulate this oncogenic pathway in thyroid cancer. Consistent with this, we have not 

observed a correlation between sensitivity to FAK kinase inhibition and mutational status 

(BRAF, RAS, or RET/PTC; Figure S2 and data not shown). However, we did observe FAK-

mediated regulation of Akt in response to FAK kinase inhibition (Figure 1A), although, 

changes in Akt did not correlate with response to growth inhibition (Figures 1B and 1C), 

indicating other mechanisms are involved. Thus, the precise pathways regulated by FAK in 

thyroid cancer are currently not clear, but likely involve noncanonical signaling pathways, 

including p38, as observed in breast cancer (39).

In addition to distinct signaling mechanisms, our results demonstrate that FAK kinase and 

expression regulate distinct processes in thyroid cancer, and FAK expression is the critical 

mediator of pro-tumorigenic processes. Specifically, adherent growth in both the BCPAP 

and 8505C cells was regulated predominantly by FAK expression, as FAK knockdown via 

shRNA displayed ~60–80% growth inhibition, while inhibition of kinase activity with 

PF-573,228 had minimal effects (Figure 2B and 1B). shRNA depletion of FAK resulted in a 
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significant loss of colony formation of both the BCPAP and 8505C cells (Figure 2C). 

Interestingly, while FAK kinase inhibition had limited effects under adherent conditions 

(Figure 1A and S2A), inhibition of kinase activity decreased colony formation by 20–80% 

(Figure 1C and S2B). These results are consistent with other tumor types, where inhibition 

of FAK kinase activity has had limited effects on proliferation under adherent growth 

conditions, but more striking affects under nonadherent conditions (27). The modest effects 

of FAK kinase inhibition are likely not due to compensatory upregulation of the related 

PYK2, as we did not observe an increase in total or phosphorylated PYK2 levels in response 

to FAK kinase inhibition (data not shown). Due to the lack of Src inhibition in response to 

FAK kinase inhibition (Figure 1A), we also asked whether inhibition of Src in combination 

with FAK kinase inhibition was necessary to achieve inhibition of adherent growth. 

However, combined FAK and Src inhibition did not enhance growth inhibition compared to 

Src inhibition alone (data not shown).

The results of our in vivo studies are consistent with our in vitro data, and show modest, but 

significant, effects of FAK kinase inhibition with PF-562,271 on thyroid tumor progression 

(Figure 3 and 4). These in vivo results are also consistent with studies in other tumor types, 

including breast, pancreas, and prostate cancer, where inhibition of FAK kinase activity 

results in modest inhibition of tumor development (27,32,41). In these models, the effects of 

FAK kinase inhibition have been attributed to attenuated survival signaling (through AKT), 

increased apoptosis, and altered expression of cytokines such as IL-6, which may impact 

tumor progression through effects on both tumor and stromal cells (27,41,44). In contrast to 

FAK kinase inhibition, FAK knockdown completely blocked tumor establishment/

progression in the BCPAP orthotopic model (Figure 5A–C), and robustly inhibited tumor 

progression in the 8505C orthotopic model (Figure 5D–F). Similar results were observed in 

the metastatic model, suggesting that FAK expression is critical for tumor establishment 

and/or progression (Figure 8). Genetic studies targeting FAK have also revealed an 

important role for FAK in apoptosis, and that FAK is necessary for extravasation (16). While 

the precise mechanisms regulating tumor growth and establishment in response to FAK 

inhibition in thyroid cancer are not clear, inhibition of FAK kinase activity or expression 

does not affect cancer cell proliferation or microvessel density (Figure S4 and S5). Future 

studies will be needed to evaluate anti-tumor responses at earlier time points to assess the 

contribution of apoptosis and other processes that may affect tumor establishment, such as 

cytokine expression and Akt signaling.

In our metastasis studies, paradoxically, we found that pretreatment of mice with the 

PF-562,271 FAK kinase inhibitor enhanced systemic tumor formation in the 8505C model, 

while a post-treatment approach decreased tumor burden (Figure 7). These data indicate that 

while inhibition of FAK kinase activity can exhibit anti-tumor and anti-metastatic activity, 

under certain treatment conditions, may promote tumor formation. Along these lines, recent 

evidence suggests a non-linear function of FAK expression where homozygous depletion of 

endothelial FAK inhibits angiogenesis and decreases final tumor volume, while FAK-

heterozygous mice have enhanced tumor angiogenesis and increased tumor volumes (44). 

This phenotype was associated with increased Akt and MAPK signaling, providing a 

potential mechanism for enhanced cell survival and migration. Interestingly, the results 

obtained from the FAK-heterozygous mice were phenocopied using FAK kinase inhibitors 
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(44). In addition, other studies have shown that FAK kinase activity negatively regulates 

invadopodia activity, thus inhibition of FAK can actually increase invasion (45,46). Given 

this complicated role of FAK, it remains possible that inhibition of FAK kinase activity may 

provide an advantage for cancer cell survival and invasion, resulting in enhanced metastasis, 

as observed here.

Interestingly, ex vivo imaging of vehicle, pre-treated, and post-treated mice revealed that 

mice pre-treated with PF-562,271 had a higher incidence of metastases to the bone 

compared to either of the other groups. Intriguingly, a growing group of literature suggests a 

role for FAK phosphorylation and expresion in the regulation of bone resorption, and in vivo 
studies of other cancer types indicate that the rate of bone turnover enhances the occurrence 

and progression of metastasis to the bone (47–50). In addition, bone resportion has been 

linked to enhanced metastatic growth in other tumor types including breast and prostate 

(49,51). Furthermore, other studies have suggested that the interaction between bone cells 

and cancer cells is critical in governing colonization of the bone (52). Although more studies 

are needed, these findings point to a potential mechanism mediating an enhanced metastatic 

phenotype, likely through the affect of FAK inhibition on bone cells and bone resportion.

Finally, the scaffolding role of FAK provides binding sites for multiple oncogenic tyrosine 

kinases including EGFR, c-MET, and Src, as well as tumor suppressors protein such as p53 

and NF-1 (53). Therefore, the FAK scaffold provides a pool of potential targets, each of 

which controls highly specific aspects of kinase/signaling pathways. Numerous studies have 

demonstrated that FAK scaffolding is important in the development, maintenance, and 

dissemination of cancer (54–57). Thus, ongoing studies are currently dedicated to 

identifying specific effector proteins and signaling pathway(s) mediated by FAK scaffolding 

functions, which will ultimately allow us to target key protein-protein interactions to inhibit 

FAK-mediated pro-tumorigenic processes important for thyroid cancer establishment and 

metastasis, and further dissect the role of FAK kinase activity in these processes.

In conclusion, we have shown that inhibition of FAK expression versus kinase activity 

regulates distinct pro-tumorigenic processes, and importantly, that FAK expression is critical 

for the regulation of key thyroid tumorigenic functions, including anchorage-independent 

growth, tumor establishment/progression, and systemic tumor formation. Furthermore, 

knockdown of FAK was able to inhibit growth and tumor establishment in BRAF-mutant 

thyroid cancer models, independent of ERK1/2 signaling, demonstrating that these cells are 

also dependent on FAK signaling for growth and survival, and provides strong preclinical 

rationale for targeting FAK in the clinic. Finally, given that FAK functions in parallel to 

classical oncogenic signaling pathways in thyroid cancer, targeting these pathways in 

combination with FAK may reveal enhanced therapeutic efficacy in thyroid cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications

This study demonstrates that FAK expression, but not kinase activity alone, 

predominantly mediates thyroid tumor growth and metastasis, indicating that targeting 

the scaffolding function(s) of FAK may be an important therapeutic strategy for advanced 

thyroid cancer, as well as other FAK-dependent tumors.
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Figure 1. FAK kinase activity is dispensable for adherent growth but mediates anchorage-
independent growth
(A) BCPAP and 8505C cells were treated with the indicated concentration of FAK inhibitor 

PF-573,228 for 24 hours. Blots shown are representative of 3 independent experiments. (B) 

Viability of BCPAP and 8505C cells treated with 1µM PF-573,228 for 6 days was 

normalized to DMSO-treated cells, set to 100%. Results are % viable cells per mL ± SD of 3 

experiments performed in triplicate BCPAP PF-573: n.s; 8505C PF-573: n.s.). (C) Colonies 

of BCPAP and 8505C cells treated with 1µM PF-573,228 in soft agar were allowed to form 

for 20 days and normalized to DMSO-treated cells, set to 100%. Results shown are percent 

of colony formation ± SD of 3 independent experiments performed in duplicate (BCPAP 

PF-573: p≤0.05; 8505C PF-573: n.s).
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Figure 2. FAK expression mediates adherent and anchorage-independent growth
(A) BCPAP and 8505C cells expressing shRNA targeting FAK or a scrambled control were 

analyzed via Western blot. Blots are representative of 3 independent experiments (B) 

Viability of BCPAP and 8505C cells expressing shFAK was normalized to scrambled 

expressing cells, set to 100%. Results are % viable cells per mL ± SD of 3 experiments 

performed in triplicate (BCPAP shFAK1: p≤0.01 and shFAK2: p≤0.05; 8505C shFAK1 and 

shFAK2: p≤0.01). (C) Colonies of BCPAP and 8505C cells expressing shFAK were plated 

in soft agar, allowed to form colonies for 20 days and normalized to scramble cells, set to 

100%. Results shown are percent of colony formation ± SD of 3 independent experiments 

performed in duplicate (BCPAP shFAK1 and shFAK2: p≤0.0001; 8505C shFAK1: 

p≤0.0001. shFAK2: p≤0.01).
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Figure 3. PTC orthotopic tumor growth is significantly reduced with FAK kinase inhibition
Mice were injected with BCPAP cells, randomized, and treated on day 10 with 50 mg/kg of 

PF-562,271 or vehicle for 29 days. (A) BCPAP tumor growth overtime was observed via 

bioluminescence signaling (day 24, p≤0.01; day 29 p≤0.01; t-test.). Results shown are mean 

bioluminescence signal (photons/second) per group ± SEM at the indicated time points. (B) 

Representative bioluminescence images for BCPAP are shown. (C) BCPAP tumors were 

collected at day 29 and size was measured with calipers. The final tumor volumes were 

calculated (p≤0.05, t-test). (D) IHC staining on BCPAP tumors was performed on sections of 

each tumor and scored as degree of staining by a pathologist. Results are degree of staining 

± SEM (p≤0.05, t-test). (E) H&E staining was performed on BCPAP tumor sections and the 

percent of invasion was scored and calculated by a pathologist. Results are invasion scores ± 

SEM (p = n.s). (F) Representative images from IHC staining of pY397FAK (left) and H&E 

(right) or vehicle and PF-271 treated tumors are shown (200× magnification). H&E of 

vehicle-treated tumor shows invasion of poorly differentiated carcinoma into striated muscle 

Small arrows demonstrates muscle. H&E of PF-271-treated tumor shows invasion of poorly 

differentiated carcinoma into esophagus-adjacent muscle. Small arrows demonstrate muscle. 
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Arrowhead demonstrates esophageal squamous mucosa. (Hematoxylin-eosin, original 

magnification × 200).
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Figure 4. ATC orthotopic tumor growth is reduced with FAK kinase inhibition
Mice were injected with 8505C cells, randomized, and treated on day 10 with 50 mg/kg of 

PF-562,271 or vehicle for 30 days. (A) 8505C tumor growth overtime was observed via 

bioluminescence signaling (day 24, p≤0.05, t-test). Results shown are mean bioluminescence 

signal (photons/second) per group ± SEM at the indicated time points. (B) Representative 

bioluminescence images for 8505C are shown. (C) 8505C tumors were collected at day 30 

and size was measured with calipers. The final tumor volumes were calculated (p≤0.05, t-
test). (D) IHC staining on 8505C tumors was performed on sections of each tumor and 

scored as degree of positive staining by a pathologist. Results are degree of staining ± SD 

(p≤0.01, t-test). (E) H&E staining on 8505C tumors was performed on sections of each 

tumor. The percent of invasion was scored and calculated by a pathologist. Results are 

invasion scores ± SEM (p = n.s). (F) Representative images from IHC staining of 

pY397FAK (left) and H&E (right) of vehicle and PF-271 treated tumors are shown (200× 

magnification). H&E of vehicle-treated tumor shows invasion of poorly differentiated 

carcinoma through cartilage of trachea (large arrow). H&E of PF-271-treated tumor shows 

invasion of poorly differentiated carcinoma through cartilage of trachea (large arrow). Small 
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arrows demonstrate numerous mitotic figures. (Hematoxylin-eosin, original magnification × 

200).
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Figure 5. Loss of FAK expression significantly reduces tumor growth in ATC and prevents tumor 
establishment in PTC orthotopic models
Mice were injected with BCPAP or 8505C cells expressing either shFAK (shFAK1) or 

scrambled control shRNA. BCPAP (A) and 8505C (D) tumor growth was monitored 

overtime via bioluminescence imaging (BCPAP: day 7, p≤0.05; day 21, p≤0.001; day 28, 

p≤0.01; day 35, p≤0.05; t-test. 8505C: day 7, p≤0.05; day 14, p≤0.001; day 21, p≤0.05; day 

28, p≤0.01; t-test). Results shown are mean bioluminescence signal (photons/second) per 

group ± SEM at the indicated time points. Representative bioluminescence images for 

BCPAP shFAK and scrambled tumors (B) and 8505C shFAK and scrambled tumors (E) are 

shown. Tumors were collected upon dissection (BCPAP = day 35; 8505C = day 28) and final 

tumor volumes for BCPAP (C) and 8505C (F) were calculated (BCPAP: p≤0.05; 8505C: 

p≤0.0001). (G) H&E staining was performed on sections of 8505C shFAK and scrambled 

orthotopic thyroid tumors. Invasion was scored and calculated by a pathologist. Results are 

invasion scores ± SEM (p≤0.0001, t-test). (H) Representative images are shown of H&E 

staining. H&E of scrambled-expressing tumor shows invasion of poorly differentiated 

carcinoma into trachea. Small arrows demonstrate salivary gland. Arrowhead demonstrates 

tracheal cartilage. (Bottom) H&E of shFAK-expressing tumor with arrows demonstrating 

invasion of tumor cells into adjacent muscle.
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Figure 6. FAK kinase inhibition reduced PTC metastatic burden in vivo
Mice were pretreated with PF-562,271 (50mg/kg, 7d/w) 2 days prior to injection. Mice were 

injected with BCPAP cells. (A) Bioluminescence detection monitored metastatic progression 

over time (p≤0.0001; ANOVA). Results shown are mean bioluminescence signal (photons/

second) per group ± SEM at the indicated time points. (Final total metastatic burden: 

Control = 5.74×108 ± 2.47×108 p/s; PF-271 treatment = 3.12×108 ± 2.10×108 p/s). (B) 

Representative bioluminescence images show 1 minute after injection to demonstrate 

dissemination. Ventral and dorsal images are shown for representative mice at day 42.

Kessler et al. Page 30

Mol Cancer Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. FAK kinase inhibition significantly enhances ATC metastasic burden in vivo using a 
pretreatment approach
Mice were injected with 8505C cells and either (A) pretreated with PF-562,271 (50mg/kg, 

7d/w) 2 days prior to injection or (B) treated 8 days after injection (post-treat). 

Bioluminescence detection monitored metastatic progression over time (Pre-treatment: day 

7, p≤0.01; day 14, p≤0.05; day 21, p≤0.05; day 35, p≤0.001; t-test. Post-treatment: day 35, 

p≤0.01; t-test). Results shown are mean bioluminescence signal (photons/second) per group 

± SEM at the indicated time points. (Final total metastatic burden of vehicle group = 

1.83×109 ± 1.04×109 p/s; PF-271 pretreatment = 4.21×109 ± 2.16×109; PF-271 post-

treatment = 4.98×108 ± 1.73×108 p/s). (C) Representative bioluminescence images show 1 

minute after injection to demonstrate dissemination through the body. Ventral and dorsal 

images are shown for representative mice at day 35.
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Figure 8. shFAK expression reduces metastatic tumor burden
Mice were injected with 8505C cells expressing either scrambled shRNA or shFAK. (A) 

Bioluminescence detection monitored metastatic progression over time. Results shown are 

mean bioluminescence signal (photons/second) per group ± SEM at the indicated time 

points. (Total metastatic burden: scrambled group = 1.72×1010 ± 1.29×1010 p/s; shFAK = 

8.31×108 ± 2.77×108 p/s (p≤0.001; ANOVA)). (B) Representative bioluminescence images 

show 1 minute after injection to demonstrate dissemination through the body. Ventral and 

dorsal images are shown for representative mice at day 42.
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