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a b s t r a c t

Malignant melanoma typically metastasizes to lymph nodes (LNs) as a primary or in-transit lesion before
secondary metastasis occurs, and LN biopsy is a common procedure to diagnose melanoma progression.
Since cancer metastasis is a complex process where various interactions between tumor cells and the
stroma play key roles in establishing metastatic lesions, the exact mechanisms underlying melanoma
metastasis to LNs remains unknown. It has been known that focal adhesion kinase (FAK) activity pro-
motes the expression of proinflammatory vascular cell adhesion molecule-1 (VCAM-1). As VCAM-1 is a
major receptor for a4 integrin and plays a key role in leukocyte recruitment, we reasoned that inhibition
of FAK activity may reduce VCAM-1 expression within LNs and thus reduce metastasis of a4 integrin-
expressing melanoma to LNs. First, we found that a pharmacological FAK inhibitor, PF-271, blocked tu-
mor necrosis factor-a (TNF-a)-mediated VCAM-1 expression on human dermal lymphatic endothelial
cells (HDLECs). In vitro, PF-271 significantly decreased B16F10 melanoma adhesion to and transmigration
through HDLECs compared to TNF-a treated cells. Furthermore, in vivo FAK inhibition by oral PF-271
administration reduced VCAM-1 expression in inguinal, cervical, and popliteal LNs compared to
vehicle treated mice. Finally, in a footpad metastasis model, B16F10 melanoma cells were injected into
the right footpad of C57BL/6 mice, and PF-271 (50mg/kg, twice daily for 6 days) was orally administrated
after 1 week of tumor transplantation. While untreated mice exhibited significant metastatic melanoma
lesions in popliteal LNs, PF-271 treated mice showed only marginal melanoma metastasis. These results
support the possibility that FAK inhibitors may be a novel preventative option in melanoma metastasis
by blocking VCAM-1 expression in LNs.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Tumor metastasis, as opposed to primary tumor growth, is a
major cause of cancer mortality [1,2]. Tumor metastasis is a com-
plex, multi-step process by which tumor cells must first gain the
ability tomigrate away from the original tumor and enter either the
bloodstream or the lymphatic system in a process known as
intravasation [3]. Next, the cancer cell must be able to attach to
endothelium of blood or lymph vessels and enter the surrounding
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tissue, known as extravasation [3]. Only a few of these tumor cells
that undergo intravasation can survive in circulation, and suc-
cessfully colonize distant tissues [3]. Several components of the
tumor stroma, such as modified extracellular matrix and cell
adhesion molecules induced by local inflammation, play key roles
in promoting cancer metastasis [4,5].

The primary or in-transit site of metastasis for many cancers,
including melanoma, are nearby sentinel lymph nodes (LNs) [6]. As
such, sentinel LN biopsy is a common procedure to diagnose and
stage melanoma progression [7,8]. Sentinel LNs are often the pri-
mary site of metastasis due to tumor cell-stromal cell interactions
that lead to increased expression of growth factors, such as vascular
endothelial growth factor-C (VEGF-C) and VEGF-B, that promote
lymphangiogensis to the primary tumor [9]. As a tissue with a high
rate of immune cell trafficking, LNs express several cell adhesion
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Abbreviations

FAK focal adhesion kinase
HDLEC human dermal lymphatic endothelial cell
ICAM-1 intercellular adhesion molecule-1
IL-1b interleukin-1b
LN lymph node
LYVE-1 lymphatic vessel endothelial hyaluronan receptor-

1
pY397 FAK autophosphorylation at tyrosine 397 of FAK
RFP red fluorescent protein
TNF-a tumor necrosis factor-a
VCAM-1 vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor
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molecules, such as vascular cell adhesionmolecule-1 (VCAM-1) and
intercellular adhesion molecules (ICAMs), that slow down and ar-
rest immune cells. However, the exact mechanism of melanoma
metastasis to lymph nodes remains unknown.

Focal adhesion kinase (FAK) is a protein tyrosine kinase that is
activated via integrins and growth factor receptors [10]. Activation
of FAK plays a critical role in cellular migration and proliferation as
well as tumor metastasis and angiogenesis [11,12]. A FAK kinase-
dead knock-in mouse was found to be embryonic lethal at E9.5
due to loss of VCAM-1, which is critical for chorion-allantois fusion
[13]. Recently, we found that pharmacological FAK inhibition also
reduced proinflammatory VCAM-1 expression in human endothe-
lial cells (ECs) [14]. Since LNs constantly express VCAM-1 [15] and
most melanomas that express a4 integrin (a ligand for VCAM-1)
showed greater metastatic potential to regional LNs [16,17], we
hypothesized that FAK inhibition could reduce VCAM-1 expression
in LNs and thus block metastasis of a4 integrin-expressing mela-
noma to LNs.

In this study, we used the a4 integrin-expressingmurine B16F10
melanoma to test pharmacological FAK inhibition (PF-271) on
VCAM-1 expression and melanoma metastasis to LNs. Both in vitro
and in vivo FAK inhibition reduced VCAM-1 expression in lymphatic
ECs. Furthermore, FAK inhibition reduced B16F10 adhesion to and
migration through human dermal lymphatic ECs. Finally, using a
mouse footpad metastasis model, we found that FAK inhibition
effectively diminished B16F10 melanoma metastasis to LNs by
reducing FAK activity and VCAM-1 expression in lymphatic vessels.
Taken together, our data demonstrate that pharmacological FAK
inhibitors may provide a potential treatment option for initial
metastasis to sentinel LNs.

2. Methods

2.1. Cells

Murine B16F10 cells were obtained from ATCC and introduced
with red fluorescent protein (RFP) via lentiviral transduction. Stable
RFP-expressing B16F10 cells were created as previously described
[18] and were sorted using fluorescence-activated cell sorting
(FACS) in the University of South Alabama flow cytometry facility.
B16F10-RFP cells were cultured in DMEM. Human dermal
lymphatic endothelial cells (HDLECs) (Lonza) were cultured on 0.1%
gelatin-coated dishes using EGM-2 MV media (Lonza).

2.2. Reagents

Reagents were purchased from the following vendors: Lentiviral
pCDH-RFP (#CD512B-1) construct from Systembio; FAK inhibitor
PF-562,271 (PF-271) from MedKoo; anti-FAK (#05-537 clone 4.47)
and anti-GAPDH (#MAB374) from Millipore; anti-VCAM-1
(mAb6434) for blotting, anti-pY397 FAK (mAB4528) for staining,
and TNF-a from R&D Systems; IL-1b from Miltenyi Biotec; anti-
pY397 FAK (#44-624G) for blotting, Alexa Fluor 488/594, and
FITC conjugated secondary antibodies for staining from Invitrogen;
anti-mouse a4 integrin (Clone 9C10) and anti-VCAM-1 (BD550547)
for staining from BD Biosciences; anti-LYVE-1 (H-156, sc-28190)
from Santa Cruz Biotech.

2.3. Animal experiments

Animal experiments were approved by and performed in
accordance with the guidelines of the University of South Alabama
IACUC. Both C57BL/6 male and female mice (6- to 8-week old) were
used in a mouse footpad metastasis model. The footpad model was
used as previously described [19]. Briefly, mice were injected in the
right hind footpad with 2x105 RFP-expressing B16F10 cells in 50 ml
PBS. After 8 days, mice were treated twice daily with either vehicle
(30% [2-Hydroxypropyl]-b-cyclodextrin, 3% dextrose) or PF-271
(50mg/kg) by oral gavage. At day 14, mice were euthanized, and
tissues were collected for blotting and immunohistochemistry.

2.4. Flow cytometry analyses

B16F10 cells were stained with either control IgG or a4 integrin
antibody for 30min, and then stained with FITC conjugated sec-
ondary antibody for 30min. Expression of a4 integrin levels was
determined by FACS.

2.5. Cell adhesion assay

HDLECs were grown to confluency in 6-well culture dishes, and
then treated with either DMSO or PF-271 (1 mM) for 1 h prior to
stimulation with TNF-a (10 ng/ml) for 4 h. Then, cells were washed
twice with PBS, and 5,000 B16F10-RFP cells were allowed to adhere
for 30min at 37 �C. Unattached cells were washed off with PBS
three times and fixed with 4% paraformaldehyde. Adhered cells
were visualized (Nikon TE 2000-E) and enumerated.

2.6. Transmigration assay

HDLECs were seeded onto Boyden chamber (8 mm pore size,
Millipore) coated with collagen type 1 from rat tail (1 mg/ml, BD
Biosciences). Confluent HDLECs were treated with either DMSO or
PF-271 (1 mM) for 1 h prior to stimulationwith TNF-a (10 ng/ml) for
4 h. HDLECs were washed twice with PBS and 1� 105 B16F10-RFP
cells were added and allowed to transmigrate for 2 h at 37 �C.
B16F10-RFP cells that migrated through the chamber were
enumerated.

2.7. Immunoblotting

Cell and tissue lysates were made using RIPA lysis buffer. Clar-
ified lysates were run on SDS-PAGE and transferred to PVDF
membranes for immunoblotting. Membranes were developed us-
ing ECL solution and imaged with Fujifilm imager.

2.8. Immunohistochemistry

Lymph nodes collected from mice were embedded in OCT
compound (Tissue Tek), and frozen sections (7 mm) were made for
immunostaining. Slides were fixed in 4% paraformaldehyde and
subsequently incubated in blocking solution for 1 h. Sections were
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incubated with anti-VCAM-1 (1:100), anti-LYVE-1 (1:100), or anti-
pY397 FAK (1:100) overnight at 4 �C. Images were visualized using
Nikon A1R confocal microscope (Nikon). Co-localization and fluo-
rescent intensity analyses were performed by using Image J soft-
ware (ver1.51s).

2.9. Statistical analysis

Statistical significance was evaluated by t-test or ANOVA, and
p< 0.05 was considered to be statistically significant. Analyses
were performed using GraphPad Prism.

3. Results

3.1. FAK inhibition reduces VCAM-1 expression, B16F10 adhesion
and transmigration on HDLECs

To determine if FAK activity contributes to the expression of
VCAM-1 in HDLECs, VCAM-1 expression was induced by stimula-
tion with either tumor necrosis factor-a (TNF-a) or interleukin-1b
(IL-1b) (Fig. 1A and B). Pretreatment with a FAK inhibitor (PF-271)
reduced FAK activity, as monitored by tyrosine 397 autophos-
phorylation (pY397), and blocked TNF-a- and IL-1b-induced
VCAM-1 expression (Fig. 1A and B). In addition, TNF-a and IL-1b
increased FAK pY397 levels compared to a basal level (the first lanes
in Fig. 1A and B). This suggests that FAK inhibition is an effective
regulator of proinflammatory cytokine-stimulated VCAM-1
expression in HDLECs. Since it is known that expression of the a4
integrin on B16F1 cells promotes cell adhesion to lymphatic ECs via
binding to VCAM-1 [17], we verified that our B16F10 cells expressed
high levels of a4 integrin by FACS analysis (Fig. 1C). We next
explored if FAK activity regulates B16F10 cell adhesion and trans-
migration to HDLECs using in vitro inflammation assays. To facili-
tate visualization of B16F10 cells, B16F10 cells were transduced to
stably express RFP and sorted via FACS to get a homogeneous
B16F10-RFP population. While B16F10-RFP adhesion in TNF-a
treated HDLECs increased by 5-fold compared to control cells,
pretreatment with PF-271 failed to increase the number of B16F10-
RFP cell adhesion to HDLECs (Fig. 1D and E). Additionally, B16F10-
RFP cells showed approximately 1.5-fold increase in trans-
migration through TNF-a stimulated HDLECs compared to control
(Fig. 1F). However, HDLECs pretreated with PF-271 reduced the
number of transmigrated B16F10-RFP cells by approximately 2-
fold, even when stimulated with TNF-a (Fig. 1F). Taken together,
these results indicate that inhibition of FAK activity in HDLECs leads
to decreased expression of VCAM-1, thus reducing B16F10 adhesion
to and transmigration through HDLECs.

3.2. PF-271 significantly reduces VCAM-1 expression in LNs in vivo

Before performing a melanoma metastasis assay, we first
examinedwhether FAK inhibition could reduce VCAM-1 expression
in LNs. Mice were treated with PF-271 (50mg/kg, twice daily) via
oral gavage for 2 days. Several different LNs were then collected for
either immunoblotting or immunohistochemistry. Immunoblotting
revealed that inguinal, cervical, and popliteal LNs (PLNs) express
VCAM-1 under basal conditions, and that treatment with PF-271
significantly reduced VCAM-1 expression in these LNs (Fig. 2A).
To verify efficacy of PF-271 treatment, we performed immuno-
blotting with LN lysates for pY397 FAK and total FAK. However, we
were unable to detect pY397 FAK or total FAK in either control or
treated mice. Instead, heart lysates were used to confirm that mice
treatedwith PF-271 had low levels of pY397 FAKwhen compared to
untreated mice (Fig. 2B). These data suggest that FAK may not be
highly expressed in immune cells, which comprise a large majority
of the lymph node tissues. To assess where VCAM-1 is expressed
within LNs, we preformed immunostaining of PLNs (Fig. 2C). Co-
staining of LYVE-1 (lymphatic vessel hyaluronan receptor-1, a
lymphatic vessel marker) and VCAM-1 showed high co-localization
within PLNs (Fig. 2C). In contrast, PLNs collected from mice treated
with PF-271 showed reduced VCAM-1 staining and co-localization
with LYVE-1 (Fig. 2C). As we were unable to detect pY397 FAK via
immunoblotting of LN lysate, we performed pY397 FAK immuno-
staining of PLNs to see if FAK expressionwas limited to certain areas
of the LNs. Interestingly, co-staining of pY397 FAK and LYVE-1
showed that FAK appears to be primarily limited to lymphatic ECs
(Fig. 2D). This might explain the reason why we were unable to
detect pY397 FAK and total FAK via immunoblotting. These results
demonstrate that FAK activity is critical for VCAM-1 expression and
PF-271 efficiently blocks VCAM-1 expression in lymphatic vessels
of LNs.

3.3. PF-271 treatment reduces metastasis of B16F10 cells to
popliteal LN

Our finding that VCAM-1 expression in LNs is reduced in PF-271
treated mice supported our hypothesis that VCAM-1 expression
within LNs promotes melanoma metastasis. To explore this ques-
tion, we used a footpad melanoma metastasis model whereby
2� 105 B16F10-RFP cells were injected into the right footpads of
wild-type C57BL/6 mice as previously described [19]. After 8 days,
mice were then treated with either vehicle or PF-271 for 6 days
(Fig. 3A). After 14 days, we observed significant metastasis of
B16F10-RFP cells to the PLN closest to the injection site (tumor
PLN), when compared to the control PLN in the opposite leg
(Fig. 3B). Additionally, tumor PLNs showed a significant increase in
both size and weight compared to controls (Fig. 3B and C). In
contrast, melanoma metastasis to PLN and PLN size and weight
were all significantly reduced in PF-271 treated groups (Fig. 3B and
C). The results indicate that melanoma metastasis to PLNs can be
efficiently inhibited by PF-271 treatment.

To further verify B16F10-RFP cell metastasis to PLNs, we per-
formed immunostaining on metastasized PLNs. Vehicle treated
mice showed an abundance of B16F10-RFP cells co-localized with
VCAM-1 expression within PLNs (Fig. 4A). In agreement with our
hypothesis that VCAM-1 is important for metastasis, we observed
that B16F10-RFP cells in the PLN were primarily located near
VCAM-1 positive lymphatic vessels (Fig. 4A). However, mice treated
with PF-271 had a reduction in both VCAM-1 and B16F10-RFP cell
signal within the PLN when compared to the vehicle treated mice
(Fig. 4A and B). Taken together, these results provide a new role of
FAK activity in melanomametastasis to LNs and FAK inhibition may
be a novel preventative option in melanomametastasis by blocking
VCAM-1 expression in lymphatic ECs of LNs.

4. Discussion

The process by which tumor cells metastasize from a primary
lesion to a distant tissue is a complex process that requires several
successful steps: 1) intravasation, 2) adherence to the endothelium
and subsequent extravasation, and 3) creating a new niche at the
site of metastasis [20]. Although 90% of cancer deaths are due to
metastasis [21], the molecular mechanisms of metastasis are still
not fully defined.

Here, we showed that inhibition of FAK activity both in vitro and
in vivo decreased VCAM-1 expression in lymphatic ECs (Figs. 1 and
2). In vitro, FAK inhibition reduced B16F10-RFP cell adhesion and
transmigration on HDLECs upon TNF-a stimulation (Fig. 1).
Furthermore, FAK activity is critical for constitutive VCAM-1
expression in the lymphatic vessels of LNs (Fig. 2). Additionally,



Fig. 1. FAK inhibition reduces VCAM-1 expression, B16F10 adhesion and transmigration on HDLECs. Confluent HDLECs were treated with PF-271 (1 mM) for 1 h prior to
stimulation with either TNF-a (10 ng/ml) or IL-1b (20 ng/ml) for 4 h. (A and B) Whole cell lysates were immunoblotted as indicated (n ¼ 3). (C) a4 integrin expression of B16F10 was
analyzed by FACS. Gray area; control IgG, white area; anti-a4 integrin staining. (D) B16F10-RFP were allowed to adhere to stimulated TNF-a stimulated HDLECs for 30 min. Top;
bright field, bottom; RFP images. (E) Shown is the quantification of B16F10 adhesion on HDLECs per field (±S.D., n ¼ 3). (F) Enumeration of B16F10 that migrated through TNF-a
stimulated HDLECs in a Boyden chamber after 2 h (±S.D., n ¼ 3). **p < 0.005 vs. control; #p < 0.0005 vs. TNF-a. Scale bar, 200 mm.
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treatment with PF-271 reduced B16F10-RFP cell metastasis to
popliteal LNs (Figs. 3 and 4). While most trials for FAK inhibitors in
clinical studies are focused on tumor cell proliferation and aug-
menting tumor cell apoptosis [22,23], our current study has shed
new insights into the correlation between FAK activity-mediated
changes in potential metastatic sites and tumor metastasis. Most
notably, FAK activity regulating VCAM-1 expression in LNs raises
the possibility that small molecule FAK inhibitors may be a novel
preventative option for metastatic cancers that express a4 integrin,
but not limited to melanoma [24,25].

As adherence to the endothelium and subsequent extravasation
into the surrounding tissue are key steps in metastasis, several
studies have investigated the role cell adhesion molecules play in
this process. Expression of cell adhesion molecules, such as ICAM-1
and E-selectin, in certain tissues seem to play an important role in
their prevalence as sites of metastasis. ICAM-1 plays a role in pro-
moting metastasis to the liver [26], and ICAM-1 knockdown
reduced B16F10 metastasis to the liver in mice [27]. FAK activity
was shown to regulate E-selectin expression, which was important
for metastasis to the lungs [28]. It will be intriguing to test if FAK
activity not only regulates expression of these different cell adhe-
sion molecules in LNs, but also in tissues with a high rate of
metastasis.

Over 50% of all melanomas have activating BRAF mutations [29]
and inhibition of the Ras/Raf/MEK/ERK signaling pathways is one of
the most promising treatments for malignant melanoma [30].
However, studies using BRAF inhibitors have identified various
feedback mechanisms to activate BRAF pathway in melanoma with
the BRAF V600E mutation, which comprises over 90% of all mela-
noma BRAF mutations [29,31]. BRAF inhibitor resistance is not
limited tomelanoma, as another study showed that BRAF inhibitors
increased FAK activation and the downstream Wnt/GSK-3b/b-cat-
enin signaling pathway to promote cell proliferation in BRAF V600E
colorectal cancer cells [32]. In addition to FAK inhibitors reducing



Fig. 2. Pharmacological FAK inhibition significantly reduces VCAM-1 expression in lymph nodes. Mice were treated with either vehicle or PF-271 (50 mg/kg, twice daily) via
oral gavage for 2 days prior to collection of either (A) LNs or (B) hearts. (A) LN and (B) heart lysates were immunoblotted as indicated (n ¼ 3). (C) Shown on left are immunostainings
of popliteal LNs for VCAM-1 (red), LYVE-1 (green), and DAPI (blue). Merge 1; VCAM-1 and LYVE-1. Merge 2; VCAM-1, LYVE-1, and DAPI. Scale bar, 200 mm (n ¼ 4). Shown on the right
is co-localization quantification of VCAM-1 and LYVE-1. **p < 0.005 (±S.D, n ¼ 4). (D) Shown in left are immunostainings of PLNs for pY397 FAK (red), LYVE-1 (green), and DAPI
(blue). Merge 1; pY397 FAK and LYVE-1. Merge 2; pY397 FAK, LYVE-1, and DAPI. Scale bar, 200 mm (n ¼ 4). Shown on right is co-localization quantification of pY397 FAK and LYVE-1.
**p < 0.005 (±S.D, n ¼ 4).
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melanoma metastasis through reduction of VCAM-1 in LNs, FAK
inhibitors could be used in combination with BRAF inhibitors to
target BRAF V600E bearing melanomas.

Cells that comprise the tumor microenvironment also play key
roles in promoting metastasis [33]. Interestingly, it was shown that
increased lymphangiogensis occurs prior to subsequent melanoma
metastasis to LNs [19], and that this process may be driven by tu-
mor associated macrophages. Macrophages, when cultured with
B16 melanoma cells, showed increased expression of TNF-a and IL-
1b, and these cytokines increased the expression of VEGF-C, an
important growth factor in lymphangiogensis [9]. Cancer cells,
through expression of CC chemokine receptor-7 (CCR7) then make
use of the new lymphatic vessels to metastasize to LNs [34].
Overexpression of CCR7 in B16 melanoma cells enhanced metas-
tasis to LNs and antibody neutralization of CCL21, the ligand for
CCR7, reduced B16 metastasis to LNs [34]. Recent evidence has also
demonstrated that FAK can alter the immune cell population of the
tumor microenvironment through regulation of chemokine
expression in skin cancer [35]. While we did not investigate the
expression of growth factors, chemokines, or cytokines in our
footpad model, we hypothesize that melanoma burdened LNs in
vehicle treated mice are more inflammatory compared to the PF-
271 treated group, as seen by increased size and weight of the
melanoma burdened LNs and increased expression of VCAM-1
(Figs. 3 and 4). Future studies are needed to better understand
the other tumor-promoting roles of FAK in the tumor
microenvironment.

In summary, our study demonstrated a role for FAK activity in
regulating tumor metastasis to LNs, and that FAK inhibition may be
a novel preventative option in melanoma metastasis by blocking
VCAM-1 expression in LNs.
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Fig. 3. PF-271 treatment reduces B16F10 metastasis to PLNs in a mouse footpad metastasis model. (A) Experimental timeline of footpad metastasis model is depicted. Various
LNs are indicated (right). Mice were treated with either vehicle or PF-271 (50 mg/kg, twice daily) via oral gavage starting on day 8. PLN: Popliteal lymph nodes. (B) Shown are
representative images of PLNs collected at day 14. Tumor PLN: PLNs of tumor injected foot, Control PLN: PLNs of no tumor injected foot. The white dashed box shows the magnified
image of black melanoma cells in the PLN. Scale bar, 5 mm. (C) Weight of PLNs were measured (±S.D., n ¼ 4). **p < 0.0005 vs vehicle; #p < 0.0001 vs tumor PLN.

Fig. 4. PF-271 treatment reduces VCAM-1 expression in PLNs and B16F10 meta-
static potential to PLNs. Mice were injected with B16F10-RFP cells and then treated
with either vehicle or PF-271 (50 mg/kg, twice daily) via oral gavage starting on day 8.
Tumor PLNs were collected on day 14. (A) Shown are immunostaining of tumor PLNs
for VCAM-1 (green), B16F10-RFP (red), and DAPI. Merge 1; VCAM-1 and B16F10-RFP.
Merge 2; VCAM-1, B16F10-RFP, and DAPI. Scale bar, 200 mm (n ¼ 4). (B and C) Fluo-
rescent intensity (FI) of VCAM-1 (green, B) and FI of RFP (red, C) was measured using
Image J. Scale bar, 200 mm. (±S.D., n ¼ 9). **p < 0.005.
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