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Abstract: Focal adhesion kinase (FAK) plays an important role in vascular development, including the
regulation of endothelial cell (EC) adhesion, migration, proliferation, and survival. 3’-deoxyadenosine
(cordycepin) is known to suppress FAK expression, cell migration, and the epithelial–mesenchymal
transition in hepatocellular carcinoma (HCC). However, whether cordycepin affects FAK expression
and cellular functions in ECs and the specific molecular mechanism remain unclear. In this study,
we found that cordycepin suppressed FAK expression and the phosphorylation of FAK (p-FAK) at
Tyr397 in ECs. Cordycepin inhibited the proliferation, wound healing, transwell migration, and
tube formation of ECs. Confocal microscopy revealed that cordycepin significantly reduced FAK
expression and decreased focal adhesion number of ECs. The suppressed expression of FAK was
accompanied by induced p53 and p21 expression in ECs. Finally, we demonstrated that cordycepin
suppressed angiogenesis in an in vivo angiogenesis assay and reduced HCC tumor growth in a
xenograft nude mice model. Our study indicated that cordycepin could attenuate cell proliferation
and migration and may result in the impairment of the angiogenesis process and tumor growth via
downregulation of FAK and induction of p53 and p21 in ECs. Therefore, cordycepin may be used as
a potential adjuvant for cancer therapy.
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1. Introduction

Angiogenesis is a crucial process in embryonic development, organogenesis, and tumor
progression. Vascular endothelial cells (ECs) play a vital role in angiogenesis, enhanced EC migration
and proliferation [1]. Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that contributes to
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the regulation of cell adhesion, spreading, migration, and survival [2–4]. An earlier study reported
that a deficiency in FAK could reduce cell motility and enhance focal adhesion contact formation in
mesodermal cells [5]. The conditional knockout of FAK in ECs could lead to aberrant lamellipodial
extensions, resulting in cytoskeleton changes and reducing EC tubulogenesis, survival, proliferation,
and migration [6,7]. Vascular ECs derived from FAK transgenic mice have been reported to promote
angiogenesis compared with those derived from wild-type mice [8]. Moreover, the results of a
study using endothelium-specific inducible FAK knockout mice revealed that tumor growth and
tumor-induced angiogenesis were attenuated in mice with FAK deletion [9]. These results suggest
that the expression of FAK plays a crucial role in the regulation of vascular development and tumor
angiogenesis [6–9].

The promoter region of FAK harbors NFκB- and p53-binding sites [10]. Activation of NFκB and
p53 can induce and suppress, respectively, FAK promoter activity [10]. Silencing of p53 or introduction
of p53 functional mutants can result in increased FAK expression [11,12]. An earlier study reported that
FAK plays an important role in the negative regulation of p53. FAK-transduced extracellular matrix
survival signals have been found to impair p53-dependent apoptosis [13]. Interestingly, the N-terminal
domain of FAK directly interacts with the N-terminal transactivation domain of p53, and FAK and
p53 are co-localized in both the cytoplasm and nucleus [14]. In addition, accumulation of nuclear
FAK promotes cell proliferation and survival by enhancing Mdm2-dependent p53 ubiquitination and
degradation [15]. These findings suggest that the reciprocal interactions between FAK and p53 are
regulated in a negative feedback manner.

Cordycepin (3-deoxyadenosine, Figure S1), a major ingredient found in the related fungus-infected
caterpillars of Cordyceps militaris, has been suggested to possess anti-tumor properties in various types
of malignancies [16–30]. A previous study reported that cordycepin could suppress integrin/FAK
expression, the epithelial–mesenchymal transition (EMT), and cell migration in HCC [17]. In ECs, the
expression of FAK is crucial for regulating various cellular functions. However, whether cordycepin
affects FAK and related signaling factors remains unclear. In this study, we aimed to investigate the
effect of cordycepin on tumor angiogenesis and elucidate the specific molecular mechanism. We
showed for the first time that cordycepin could attenuate cell proliferation, migration, angiogenesis,
and tumor growth via downregulation of FAK and induction of p53 and p21 in ECs. Therefore,
cordycepin may be used as a potential supplement for anti-angiogenic therapy when combined with
anti-tumor drugs.

2. Results

2.1. Suppression of FAK Expression in ECs by Cordycepin

To investigate whether cordycepin regulates FAK expression in ECs, human umbilical vein
endothelial cells (HUVECs) were treated with cordycepin (0–25 µg/mL) for 24 h. The protein
expression levels of FAK and p-FAK were evaluated by western blotting analysis. We found
that cordycepin significantly suppressed FAK expression in a dose-dependent manner, which was
accompanied by a reduction in p-FAK (Figure 1A). The suppression of FAK mRNA expression in
HUVECs was also demonstrated by qPCR analysis (Figure 1B). To further confirm the suppression of
FAK/p-FAK by cordycepin in ECs, we examined the expression levels of FAK and p-FAK in human
coronary artery endothelial cells (HCAECs) and human pulmonary artery endothelial cells (HPAECs).
HCAECs and HPAECs were treated with cordycepin. Similar to its effect on HUVECs, cordycepin
reduced FAK and p-FAK levels, as demonstrated by western blotting (Figure 1C: left panels, HCAECs;
right panels, HPAECs) and qPCR (Figure 1D: left panel, HCAECs; right panel, HPAECs) analysis.
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Figure 1. Suppression of focal adhesion kinase (FAK) expression and FAK phosphorylation in
endothelial cells (ECs) by cordycepin. (A,C) HUVECs, HCAECs, and HPAECs were treated with
0–25 µg/mL cordycepin for 24 h, and FAK and p-FAK expression levels were determined by western
blotting analysis. (B,D) HUVECs, HCAECs, and HPAECs were treated with 0–25 µg/mL cordycepin
for 4 h, and the expression level of FAK was determined by qPCR. β-actin was used as the loading
control. Scale bars: mean ± SD. * p < 0.05, **, p < 0.01; ***, p < 0.001.

2.2. Inhibition of EC Migration, Proliferation, Tube Formation, and In Vivo Angiogenesis by Cordycepin

Wound healing assay was performed to characterize the effect of cordycepin on EC migration.
HUVECs were seeded into silicone inserts and treated with different doses of cordycepin for 6, 12, and
24 h. Cordycepin suppressed the migratory activity of ECs in a dose-dependent manner (Figure 2A).
Furthermore, HUVECs, HCAECs, and HPAECs were pre-treated with cordycepin and subjected to
transwell chamber analysis. We found that treatment with cordycepin reduced the migration of ECs
(Figure 2B).
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Figure 2. Inhibition of EC migration and proliferation by cordycepin. (A) HUVECs were treated
with 0–25 µg/mL cordycepin for 24 h. EC migration was examined by wound healing assay.
(B) HUVECs, HCAECs, and HPAECs were treated with 0–25 µg/mL cordycepin for 24 h. EC
migration was examined by transwell chamber assay. (C) HUVECs, HCAECs, and HPAECs
were treated with 0–25 µg/mL cordycepin for 24 h or 48 h. EC proliferation was determined by
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay. (D) HUVECs, HCAECs,
and HPAECs were treated with 0–25 µg/mL cordycepin for 24 h. The cell cycle was examined by flow
cytometry analysis. Scale bars: mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

We determined whether cordycepin affects the proliferation and cell cycle of ECs. HUVECs,
HCAECs, and HPAECs were treated with cordycepin for 24 h or 48 h and subjected to MTT assay.
Cordycepin significantly inhibited the proliferation of HUVECs (Figure 2C, upper panel), HCAECs
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(Figure 2C, middle panel), and HPAECs (Figure 2C, lower panel) in a dose-dependent manner. We
further examined the effect of cordycepin on cell cycle progression. HUVECs, HCAECs, and HPAECs
were treated with cordycepin for 24 h and subjected to flow cytometry analysis. We found that
cordycepin induced the cell cycle arrest of HUVECs by increasing the percentage of G1 phase cells
(68.1% vs. 78.4% at 25 µg/mL) and reducing the percentage of S phase cells (19.4% vs. 9.57% at
25 µg/mL) (Figure 2D, left panel). Similar results can be found in HCAECs and HPAECs (Figure 2D,
middle and right panels).

We have previously reported that a proteasome inhibitors bortezomib (PS-341) suppresses FAK
expression, thereby inducing apoptosis of cancer cells [31]. To elucidate whether cordycepin suppresses
FAK expression correlates with induction of EC apoptosis, we examined the percentage of sub-G1 phase
cells by flow cytometry and cleaved poly (ADP-ribose) polymerase (PARP) by western blotting analysis
in HUVECs. PS-341 was used as positive control for the induction of apoptosis. We found that treatment
of cordycepin (up to 25 µg/mL) has no significant on induction of apoptosis in ECs (Figure S2A,B).

For tube formation analysis, HUVECs were pre-treated with cordycepin for 48 h, and the cells
were seeded onto Matrigel-coated plates for another 6 h with cordycepin. Cordycepin greatly impaired
the network (Figure 3A, upper panel) and reduced tube formation, as demonstrated by the decreasing
number of branches of HUVECs (Figure 3A, lower panel).

Figure 3. Suppression of tube formation and in vivo angiogenesis by cordycepin. (A) HUVECs were
treated with cordycepin for 48 h and seeded onto Matrigel-coated plates with 0–25 µg/mL cordycepin
in M200 medium for another 6 h. Tube formation was examined by counting the number of branches.
(B) Matrigel plug assay was performed to assess in vivo angiogenesis formation in C57BL/6 mice. The
mice were implanted with Matrigel plugs containing vascular endothelial growth factor (VEGF) and
heparin with or without 25 µg/mL cordycepin for seven days. The Matrigel plugs were harvested,
and in vivo angiogenesis was evaluated by measuring the concentration of hemoglobin. Scale bars:
mean ± SD. *, p < 0.05; ***, p < 0.001.
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In vivo Matrigel plug assay was performed to elucidate the effect of cordycepin on angiogenesis.
Matrigel plugs containing VEGF and heparin were mixed with cordycepin and subcutaneously
implanted into C57BL/6 mice for seven days. The Matrigel plugs were harvested, and in vivo
angiogenesis was examined by measuring the level of hemoglobin. The results revealed that cordycepin
significantly reduced the level of hemoglobin (Figure 3B).

2.3. Suppression of the Expression of FAK in ECs by Cordycepin

To elucidate the suppressive effect of cordycepin on FAK in ECs, HUVECs were treated with
cordycepin for 24 h. The subcellular localization and expression level of FAK were examined by
fluorescence confocal microscopy. We found that FAK was mainly expressed in the cytoplasm and
focal adhesions, and a lower level of FAK was detected in the nucleus (Figure 4A, left and upper panel).
Cordycepin significantly reduced the level of FAK expression (Figure 4A, upper, middle, and right
panels). Interestingly, we found that treatment with cordycepin at 12.5 µg/mL significantly inhibited
FAK expression in the cytoplasm and focal adhesions (Figure 4B, left panel), reduced focal adhesion
number but only slightly decreased length of focal adhesion of HUVECs (Figure 4B, right panels).

Figure 4. Suppression of the cytoplasmic expression of FAK in HUVECs by cordycepin. (A) HUVECs
were treated with 0–12.5 µg/mL cordycepin for 24 h. The expression level of FAK was determined
by confocal microscopy. (B) FAK expression was quantified based on staining intensity, and number
and total length of focal adhesion were determined by using MetaMorph software (Version 7.10.1.161,
Leica, Wetzlar, Germany). Scale bars: mean ± SD. *, p < 0.05; ***, p < 0.001.
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2.4. Induction of p53 and p21 Expression in ECs by Cordycepin

Previous studies have demonstrated that FAK directly interacts with p53 and regulates p53
stability [14,15,32]. We hypothesized that cordycepin may suppress FAK expression and consequently
promote p53 stability and nuclear translocation and activation. We first confirmed the expression of
p53 and the downstream factor p21 in HUVECs treated with various concentrations of cordycepin.
Cordycepin induced p53 and p21 expression in a dose-dependent manner in HUVECs, as demonstrated
by western blotting (Figure 5A) and qPCR (Figure 5B) analysis. Moreover, the expression and nuclear
translocation of p53 and p21 were examined by fluorescence confocal microscopy. Cordycepin
significantly promoted the accumulation and nuclear translocation of p53 and p21 in HUVECs
(Figure 5C). To further confirm the effect of cordycepin on the induction of p53 and p21 in ECs,
HCAECs and HPAECs were treated with cordycepin, and the expression levels of p53 and p21 were
determined by western blotting and qPCR. The results revealed that cordycepin induced p53 and p21
expression in both HCAECs and HPAECs (Figure 5D,E).

Figure 5. Induction of p53 and p21 expression in ECs by cordycepin. (A,D) HUVECs, HCAECs, and
HPAECs were treated with 0–25 µg/mL cordycepin for 24 h. The expression levels of p53 and p21
were determined by western blotting analysis. (B,E) HUVECs, HCAECs, and HPAECs were treated
with 0–25 µg/mL cordycepin for 4 h. The expression levels of p53 and p21 were determined by qPCR.
(C) HUVECs were treated with 0–12.5 µg/mL cordycepin for 24 h. The expression levels of p53 and
p21 were determined by confocal microscopy. β-actin was used as the loading control. Scale bars:
mean ± SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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2.5. Inhibition of the Proliferation and Tumor Growth of HCC Cells by Cordycepin

Tumor growth in HCC is highly dependent on angiogenesis [33]. As cordycepin could suppress
the in vitro tube formation of ECs and in vivo angiogenesis, we next investigated whether cordycepin
attenuates the in vivo tumor growth of HCC cells. We first evaluated the expression of FAK and
the suppressive effect on cell proliferation. We found that cordycepin suppressed FAK and p-FAK
expression in Huh-7 cells (Figure S3). In addition, we found that cordycepin inhibited the proliferation
of Huh-7, HepG2, and Hep3B cells, as demonstrated by MTT assay (Figure S4). To investigate in vivo
HCC tumor growth, Huh-7 cells were subcutaneously injected into nude mice. Micro-osmotic pumps
containing DMSO or cordycepin (2.4 mg/kg/day) were implanted subcutaneously into nude mice
on day 18 (Figure 6A). The results revealed that cordycepin did not have a significant effect on body
weight (Figure 6B). However, cordycepin significantly reduced tumor size (Figure 6C).

Figure 6. Reduction of in vivo HCC tumor growth by cordycepin. (A) An outline of the experimental
procedure. Micro-osmotic pumps delivering either the control (DMSO) or cordycepin were implanted
subcutaneously into nude mice 18 days after the injection of Huh-7 cells. The (B) body weight and
(C) tumor volume of nude mice (n = 9) were assessed. *, p < 0.05.

3. Discussion

FAK plays a crucial role in regulating the cellular functions of ECs and the angiogenesis
process [6–9]. FAK is overexpressed in various types of malignancies [34] and a recent study indicated
that knockout or functional mutation of FAK result in attenuating cell invasion into dense 3D
matrices [35]. Moreover, we have previously reported that the overexpression of FAK is associated
with a higher incidence of extrahepatic metastasis and poorer survival in HCC [36]. Our previous
study revealed that cordycepin could suppress the EMT and the expression of FAK, integrin α3,
integrin α6, and integrin β1 in HCC [17]. However, whether cordycepin modulates FAK expression
and angiogenesis in ECs has not been determined. Here, we showed for the first time that cordycepin
suppressed FAK expression and phosphorylation in HUVECs, HCAECs, and HPAECs (Figure 1A–D).
Expression of p53 can be induced in response to DNA damage and p21 (cyclin-dependent kinase
inhibitor) is upregulated by p53 and contribute into modulating G1 cell cycle arrest [37–39]. Results
from several studies indicated that cordycepin induces p53 in various cancer cells [28,40–42]. However,
whether cordycepin regulates p53/p21 axis in ECs has never been investigated. Here, we demonstrated
that cordycepin reduced FAK expression (Figure 4) and increased nuclear p53/p21 accumulation in ECs
(Figure 5). As a result, cordycepin reduced EC migration (Figure 2A,B), EC proliferation (Figure 2C),
EC tube formation (Figure 3A), in vivo angiogenesis (Figure 3B), and HCC tumor growth (Figure 6B).

The expression of FAK is regulated by the activation of NFκB and downregulated by p53 [10].
Several studies have reported that cordycepin induces p53 [28,41], and FAK deletion promotes
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p53-mediated p21 induction, the DNA damage response, and radio-resistance [43]. However,
the molecular mechanism of how cordycepin induces p53 remains unclear. Our current results
demonstrated the suppression of FAK expression in ECs by cordycepin, which may explain how
cordycepin induces p53 and p21 expression as well as suppresses angiogenesis and tumor growth.

Cordycepin is an analog of adenosine and has a short in vivo half-life in mice because it can be
degraded by adenosine deaminase [9,44]. To maintain the effect of cordycepin in the xenograft
mice experiment, we performed an in vivo study by implanting micro-osmotic pumps in HCC
tumor-bearing mice (Figure 6B). We found that the stable release of cordycepin had a significant
effect on the suppression of tumor growth. This may help devise a potential strategy to address
stability concerns when using cordycepin as an anti-tumor compound in future applications.

HCC is a highly vascular malignancy, and angiogenesis plays a crucial role in HCC tumor
progression [33]. An earlier study indicated that cordycepin could exert a potential anti-angiogenic
effect of EA.hy926 cells [45]. A relatively high concentration (125 µg/mL) of cordycepin was used,
possibly because EA.hy926 cells are a hybrid of HUVECs and lung adenocarcinoma A549 cells [45]. In
our study, we demonstrated that cordycepin suppressed the proliferation (Figure 2C,D), migration
(Figure 2A,B), and tube formation (Figure 3A,B) of primary cultured ECs (HUVECs, HCAECs, and
HPAECs) at physiologically reasonable concentrations (5–25 µg/mL). We also showed that cordycepin
reduced FAK expression (Figure 1A–D) and induced p53/p21 expression (Figure 5A–E) in ECs. These
results support the anti-angiogenic effect of cordycepin.

The process of angiogenesis contributes to tumor growth and progression. To obtain an adequate
supply of oxygen and nutrients, cancer cells can induce the proliferation and migration of ECs to form
new blood vessels. FAK is overexpressed in various types of cancers [2,34] and plays a crucial role in
regulating the angiogenesis process [5–9]; thus, targeting FAK may be a potential therapeutic approach
in cancer therapy. A cell-penetrating peptide of 28 amino acids, derived from the bacterial toxin
azurin, has been reported to inhibit angiogenesis and tumor growth by impairing the phosphorylation
of FAK, Akt, and VEGFR-2, consequently inhibiting the motility and migration of HUVECs [46].
Moreover, a small molecular compound that directly disrupts the FAK-p53 interaction has been
developed to reactivate p53 and block tumor growth [47]. In this study, we showed that regulation
of the FAK/p53/p21 axis by cordycepin resulted in the attenuation of EC proliferation, migration,
and angiogenesis. We also demonstrated that cordycepin suppressed FAK in cancer cells, thereby
reducing cell proliferation and HCC tumor growth. We further examined the number of ECs in the
tumor regions of tumor-bearing mice. However, quantification of the number of ECs or vessels was
not possible due to severe necrosis in the tumor regions (Figure S5).

4. Materials and Methods

4.1. Cell Culture and Reagents

HUVECs were purchased from the American Type Culture Collection (ATCC; Manassas, VA,
USA), and HCAECs and HPAECs were obtained from Lonza (Walkersville, MD, USA). HUVECs,
HCAECs, and HPAECs were maintained in culture media as described in Table S1. The HCC cell
lines Huh-7 (Japanese Collection of Research Bioresources, Osaka, Japan), HepG2, and Hep3B (ATCC)
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS (Hyclone; Thermo
Fisher Scientific, Waltham, MA, USA). Cordycepin (purity 98.0%) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

4.2. Western Blot Analysis

Cells treated with the indicated concentrations of cordycepin were incubated with RIPA lysis
buffer (Millipore, Billerica, MA, USA) containing protease and phosphatase inhibitor cocktails.
Supernatant of cell lysate was collected and 30 µg of total protein from each sample was loaded
onto a gradient SDS-PAGE gel and subsequently transferred to PVDF membranes. The membranes
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were blocked and hybridized with primary antibodies against FAK, phosphorylated FAK (p-FAK)
at Tyr397, p53, p21, and β-actin (Table S2). Then, the membranes were incubated with secondary
antibodies, and immunoreactive bands were visualized by X-ray film exposure. Protein expression
levels were quantified by densitometric analysis.

4.3. qPCR Analysis

The total RNA of cordycepin-treated ECs was extracted using RNAZOL
® RT (Molecular Research

Center Inc., Cincinnati, OH, USA), and cDNA was synthesized using PrimeScriptTM RT Reagent Kit
(TaKaRa, Otsu, Japan). Relative RNA expression levels were detected by qPCR (LightCycler 480II;
Roche, Penzberg, Germany) using KAPA SYBR® FAST qPCR Kit (Kapa Biosystems, Wilmington, MA,
USA) with specific primers for human FAK, p53, and p21 (Table S3). The levels of gene expression
were normalized to GAPDH expression.

4.4. Cell Migration and Wound Healing Analysis

HUVECs, HCAECs, and HPAECs were pretreated with cordycepin in 1% FBS medium for 24 h
and loaded into polycarbonate transwells (BD, San Diego, CA, USA). The upper chamber contained
1 × 104 cells incubated with cordycepin in medium containing FBS (HUVECs, 1%; HCAECs, 0.5%;
HPAECs, 0.2%), and the lower compartment was filled with culture medium containing cordycepin
and FBS (HUVECs, 10%; HCAECs, 5%; HPAECs, 2%). After 4 h, migratory cells were fixed with 4%
paraformaldehyde and stained with crystal violet. Cell migration was quantified by counting the
number of migrated cells using a microscope. For wound healing assay, 1 × 105 HUVECs were seeded
into silicone inserts (Culture-Inserts; ibidi GmbH, Martinsried, Germany) and incubated with M200
medium containing 1% FBS and the indicated concentrations of cordycepin. The number of migrated
cells was calculated using a microscope (AF6000; Leica, Wetzlar, Germany).

4.5. Cell Proliferation Analysis

Cell proliferation was analyzed by MTT assay. Cells were seeded into 96-well plates and incubated
with 1% FBS medium (Hyclone; Thermo Fisher Scientific, Waltham, MA, USA) containing the indicated
concentrations of cordycepin for 24 h or 48 h. MTT was added to each well and incubated at 37 ◦C
for 3 h. Subsequently, the yellow MTT solution was removed, and 200 µL of dimethyl sulfoxide was
added. The absorbance at 570 nm was measured with a reference wavelength of 690 nm.

4.6. Flow Cytometry Analysis

HUVECs, HCAECs, and HPAECs treated with cordycepin for 24 h were harvested, fixed with
ethanol, washed with ice-cold PBS, and subsequently incubated with propidium iodide. The cell cycle
distribution was analyzed using FACS Calibur (BD, San Jose, CA, USA).

4.7. Tube Formation

HUVECs (1.4 × 105) were pretreated with cordycepin in 1% FBS medium for 48 h, re-seeded into
24-well plates pre-coated with 200 µL/well Matrigel (Corning, Bedford, MA, USA), and incubated at
37 ◦C for 30 min. Then, cells in the Matrigel-coated 24-well plates were incubated with M200 medium
supplemented with 1% FBS and cordycepin. After incubation for 6 h, the tube formation of ECs was
examined by counting the number of branches at every five random fields using a microscope.

4.8. Immunofluorescence Confocal Microscopy

HUVECs were seeded onto glass coverslips for 24 h, followed by treatment with cordycepin for
another 24 h. Cells were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100 in
PBS, and blocked with 10% FBS, followed by incubation with specific antibodies for FAK, p53, and p21.
Then, the cells were washed with 0.02% Triton X-100, labeled with secondary antibodies, and mounted
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in DAPI Fluoromount-G solution (Southern Biotech, Birmingham, AL, USA). The expression levels and
subcellular localization of FAK, p53, and p21 were examined by confocal microscopy (Leica). Number
and length of focal adhesions, FAK, p53, and p21 expression levels in ten random fields (34–53 cells)
were quantified using MetaMorph software (Version 7.10.1.161, Leica, Wetzlar, Germany).

4.9. In Vivo Matrigel Plug Angiogenesis Assay and Tumor Xenograft Experiments

The protocols of this study were approved by the Institutional Animal Care and Use Committee
of the National Health Research Institutes, Taiwan. C57BL/6 and BALB/c nude mice were purchased
from the National Laboratory Animal Center, Taiwan. C57BL/6 mice were implanted with 250 µL
Matrigel (Corning) containing 100 ng/mL VEGF (Sigma-Aldrich) and 20 U/mL heparin (B. Braun
Melsungen AG, Melsungen, Germany) with or without 25 µg/mL cordycepin for seven days. The
level of hemoglobin was measured using Drabkin’s reagent (Sigma-Aldrich). For in vivo tumor
xenograft experiments, BALB/c nude mice were subcutaneously injected with 2 × 106 Huh-7 cells.
Micro-osmotic pumps (ALZA; Palo Alto, CA, USA) with in vivo continuous delivery [48,49] containing
DMSO or cordycepin (2.4 mg/kg/day) were implanted subcutaneously into nude mice on day 18.
Tumor volume was determined by sequential caliper measurement of the length (L) and width (W),
calculated as LW2/2.

5. Conclusions

Taken together, our findings demonstrated the dual role of cordycepin in regulating FAK and
p53 signaling in ECs and cancer cells via anti-angiogenic and anti-tumor activity. As antiangiogenic
monotherapy may not be sufficient to eradicate tumor progression, cordycepin may be used as a potential
adjuvant or supplement for cancer therapy to suppress tumor angiogenesis and tumor growth. Further
investigation is needed to elucidate the effect of cordycepin synergized with other anti-tumor therapy.
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ECs endothelial cells
EMT epithelial–mesenchymal transition
FAK focal adhesion kinase
p-FAK FAK phosphorylation at Tyr397
HCAECs human coronary artery endothelial cells
HCC hepatocellular carcinoma
HPAECs human pulmonary artery endothelial cells
HUVECs human umbilical vein endothelial cells
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Q-PCR quantitative real-time PCR.

http://www.mdpi.com/2072-6694/11/2/168/s1


Cancers 2019, 11, 168 12 of 14

References

1. Folkman, J. Seminars in medicine of the beth israel hospital, boston. Clinical applications of research on
angiogenesis. N. Engl. J. Med. 1995, 333, 1757–1763. [CrossRef] [PubMed]

2. McLean, G.W.; Carragher, N.O.; Avizienyte, E.; Evans, J.; Brunton, V.G.; Frame, M.C. The role of focal-adhesion
kinase in cancer—A new therapeutic opportunity. Nat. Rev. Cancer 2005, 5, 505–515. [CrossRef] [PubMed]

3. Clark, E.A.; Brugge, J.S. Integrins and signal transduction pathways: The road taken. Science 1995, 268,
233–239. [CrossRef] [PubMed]

4. Sieg, D.J.; Hauck, C.R.; Ilic, D.; Klingbeil, C.K.; Schaefer, E.; Damsky, C.H.; Schlaepfer, D.D. Fak integrates
growth-factor and integrin signals to promote cell migration. Nat. Cell Biol. 2000, 2, 249–256. [CrossRef]
[PubMed]

5. Ilic, D.; Furuta, Y.; Kanazawa, S.; Takeda, N.; Sobue, K.; Nakatsuji, N.; Nomura, S.; Fujimoto, J.; Okada, M.;
Yamamoto, T. Reduced cell motility and enhanced focal adhesion contact formation in cells from fak-deficient
mice. Nature 1995, 377, 539–544. [PubMed]

6. Shen, T.L.; Park, A.Y.; Alcaraz, A.; Peng, X.; Jang, I.; Koni, P.; Flavell, R.A.; Gu, H.; Guan, J.L. Conditional
knockout of focal adhesion kinase in endothelial cells reveals its role in angiogenesis and vascular
development in late embryogenesis. J. Cell Biol. 2005, 169, 941–952. [CrossRef] [PubMed]

7. Braren, R.; Hu, H.; Kim, Y.H.; Beggs, H.E.; Reichardt, L.F.; Wang, R. Endothelial fak is essential for vascular
network stability, cell survival, and lamellipodial formation. J. Cell Biol. 2006, 172, 151–162. [CrossRef]

8. Peng, X.; Ueda, H.; Zhou, H.; Stokol, T.; Shen, T.L.; Alcaraz, A.; Nagy, T.; Vassalli, J.D.; Guan, J.L.
Overexpression of focal adhesion kinase in vascular endothelial cells promotes angiogenesis in transgenic
mice. Cardiovasc. Res. 2004, 64, 421–430. [CrossRef]

9. Tavora, B.; Batista, S.; Reynolds, L.E.; Jadeja, S.; Robinson, S.; Kostourou, V.; Hart, I.; Fruttiger, M.; Parsons, M.;
Hodivala-Dilke, K.M. Endothelial fak is required for tumour angiogenesis. EMBO Mol. Med. 2010, 2, 516–528.
[CrossRef]

10. Golubovskaya, V.; Kaur, A.; Cance, W. Cloning and characterization of the promoter region of human focal
adhesion kinase gene: Nuclear factor kappa b and p53 binding sites. Biochim. Biophys. Acta 2004, 1678,
111–125. [CrossRef]

11. Anaganti, S.; Fernandez-Cuesta, L.; Langerod, A.; Hainaut, P.; Olivier, M. P53-dependent repression of focal
adhesion kinase in response to estradiol in breast cancer cell-lines. Cancer Lett. 2011, 300, 215–224. [CrossRef]
[PubMed]

12. Golubovskaya, V.M.; Finch, R.; Kweh, F.; Massoll, N.A.; Campbell-Thompson, M.; Wallace, M.R.; Cance, W.G.
P53 regulates fak expression in human tumor cells. Mol. Carcinog. 2008, 47, 373–382. [CrossRef] [PubMed]

13. Ilic, D.; Almeida, E.A.; Schlaepfer, D.D.; Dazin, P.; Aizawa, S.; Damsky, C.H. Extracellular matrix survival
signals transduced by focal adhesion kinase suppress p53-mediated apoptosis. J. Cell Biol. 1998, 143, 547–560.
[CrossRef] [PubMed]

14. Golubovskaya, V.M.; Finch, R.; Cance, W.G. Direct interaction of the n-terminal domain of focal adhesion
kinase with the n-terminal transactivation domain of p53. J. Biol. Chem. 2005, 280, 25008–25021. [CrossRef]
[PubMed]

15. Lim, S.T.; Chen, X.L.; Lim, Y.; Hanson, D.A.; Vo, T.T.; Howerton, K.; Larocque, N.; Fisher, S.J.; Schlaepfer, D.D.;
Ilic, D. Nuclear fak promotes cell proliferation and survival through ferm-enhanced p53 degradation.
Mol. Cell 2008, 29, 9–22. [CrossRef] [PubMed]

16. Paterson, R.R. Cordyceps: A traditional chinese medicine and another fungal therapeutic biofactory?
Phytochemistry 2008, 69, 1469–1495. [CrossRef] [PubMed]

17. Yao, W.L.; Ko, B.S.; Liu, T.A.; Liang, S.M.; Liu, C.C.; Lu, Y.J.; Tzean, S.S.; Shen, T.L.; Liou, J.Y. Cordycepin
suppresses integrin/fak signaling and epithelial-mesenchymal transition in hepatocellular carcinoma.
Anti-Cancer Agents Med. Chem. 2014, 14, 29–34. [CrossRef]

18. Wu, W.C.; Hsiao, J.R.; Lian, Y.Y.; Lin, C.Y.; Huang, B.M. The apoptotic effect of cordycepin on human oec-m1
oral cancer cell line. Cancer Chemother. Pharmacol. 2007, 60, 103–111. [CrossRef]

19. Lee, E.J.; Kim, W.J.; Moon, S.K. Cordycepin suppresses tnf-alpha-induced invasion, migration and matrix
metalloproteinase-9 expression in human bladder cancer cells. Phytother. Res. PTR 2010, 24, 1755–1761.
[CrossRef]

http://dx.doi.org/10.1056/NEJM199512283332608
http://www.ncbi.nlm.nih.gov/pubmed/7491141
http://dx.doi.org/10.1038/nrc1647
http://www.ncbi.nlm.nih.gov/pubmed/16069815
http://dx.doi.org/10.1126/science.7716514
http://www.ncbi.nlm.nih.gov/pubmed/7716514
http://dx.doi.org/10.1038/35010517
http://www.ncbi.nlm.nih.gov/pubmed/10806474
http://www.ncbi.nlm.nih.gov/pubmed/7566154
http://dx.doi.org/10.1083/jcb.200411155
http://www.ncbi.nlm.nih.gov/pubmed/15967814
http://dx.doi.org/10.1083/jcb.200506184
http://dx.doi.org/10.1016/j.cardiores.2004.07.012
http://dx.doi.org/10.1002/emmm.201000106
http://dx.doi.org/10.1016/j.bbaexp.2004.03.002
http://dx.doi.org/10.1016/j.canlet.2010.10.008
http://www.ncbi.nlm.nih.gov/pubmed/21071137
http://dx.doi.org/10.1002/mc.20395
http://www.ncbi.nlm.nih.gov/pubmed/17999388
http://dx.doi.org/10.1083/jcb.143.2.547
http://www.ncbi.nlm.nih.gov/pubmed/9786962
http://dx.doi.org/10.1074/jbc.M414172200
http://www.ncbi.nlm.nih.gov/pubmed/15855171
http://dx.doi.org/10.1016/j.molcel.2007.11.031
http://www.ncbi.nlm.nih.gov/pubmed/18206965
http://dx.doi.org/10.1016/j.phytochem.2008.01.027
http://www.ncbi.nlm.nih.gov/pubmed/18343466
http://dx.doi.org/10.2174/18715206113139990305
http://dx.doi.org/10.1007/s00280-006-0354-y
http://dx.doi.org/10.1002/ptr.3132


Cancers 2019, 11, 168 13 of 14

20. Chen, Y.; Chen, Y.C.; Lin, Y.T.; Huang, S.H.; Wang, S.M. Cordycepin induces apoptosis of CGTH W-2
thyroid carcinoma cells through the calcium-calpain-caspase 7-parp pathway. J. Agric. Food Chem. 2010, 58,
11645–11652. [CrossRef]

21. Lee, H.J.; Burger, P.; Vogel, M.; Friese, K.; Bruning, A. The nucleoside antagonist cordycepin causes DNA
double strand breaks in breast cancer cells. Investig. New Drugs 2012, 30, 1917–1925. [CrossRef] [PubMed]

22. Chen, L.S.; Stellrecht, C.M.; Gandhi, V. Rna-directed agent, cordycepin, induces cell death in multiple
myeloma cells. Br. J. Haematol. 2008, 140, 682–691. [CrossRef]

23. Matsuda, H.; Akaki, J.; Nakamura, S.; Okazaki, Y.; Kojima, H.; Tamesada, M.; Yoshikawa, M.
Apoptosis-inducing effects of sterols from the dried powder of cultured mycelium of cordyceps sinensis.
Chem. Pharm. Bull. 2009, 57, 411–414. [CrossRef] [PubMed]

24. Jeong, J.W.; Jin, C.Y.; Park, C.; Hong, S.H.; Kim, G.Y.; Jeong, Y.K.; Lee, J.D.; Yoo, Y.H.; Choi, Y.H. Induction of
apoptosis by cordycepin via reactive oxygen species generation in human leukemia cells. Toxicol. In Vitro Int.
J. Publ. Assoc. Bibra 2011, 25, 817–824. [CrossRef] [PubMed]

25. Kodama, E.N.; McCaffrey, R.P.; Yusa, K.; Mitsuya, H. Antileukemic activity and mechanism of action of
cordycepin against terminal deoxynucleotidyl transferase-positive (TDT+) leukemic cells. Biochem. Pharmacol.
2000, 59, 273–281. [CrossRef]

26. Thomadaki, H.; Tsiapalis, C.M.; Scorilas, A. The effect of the polyadenylation inhibitor cordycepin on human
molt-4 and daudi leukaemia and lymphoma cell lines. Cancer Chemother. Pharmacol. 2008, 61, 703–711.
[CrossRef]

27. Jen, C.Y.; Lin, C.Y.; Huang, B.M.; Leu, S.F. Cordycepin induced ma-10 mouse leydig tumor cell apoptosis
through caspase-9 pathway. Evid. Based Complement. Altern. Med. ECAM 2011, 2011, 984537. [CrossRef]

28. Liao, Y.; Ling, J.; Zhang, G.; Liu, F.; Tao, S.; Han, Z.; Chen, S.; Chen, Z.; Le, H. Cordycepin induces cell cycle
arrest and apoptosis by inducing DNA damage and up-regulation of p53 in leukemia cells. Cell Cycle 2015,
14, 761–771. [CrossRef]

29. Ko, B.S.; Lu, Y.J.; Yao, W.L.; Liu, T.A.; Tzean, S.S.; Shen, T.L.; Liou, J.Y. Cordycepin regulates
gsk-3beta/beta-catenin signaling in human leukemia cells. PLoS ONE 2013, 8, e76320. [CrossRef]

30. Chen, X.; Wang, Y.; Liu, J.; Xu, P.; Zhang, X.M.; Tian, Y.Y.; Xue, Y.M.; Gao, X.Y.; Liu, Y.; Wang, J.H.
Synergistic effect of hmgb1 knockdown and cordycepin in the K562 human chronic myeloid leukemia
cell line. Mol. Med. Rep. 2015, 12, 4462–4468. [CrossRef]

31. Ko, B.S.; Chang, T.C.; Chen, C.H.; Liu, C.C.; Kuo, C.C.; Hsu, C.; Shen, Y.C.; Shen, T.L.; Golubovskaya, V.M.;
Chang, C.C.; et al. Bortezomib suppresses focal adhesion kinase expression via interrupting nuclear
factor-kappa b. Life Sci. 2010, 86, 199–206. [CrossRef] [PubMed]

32. Golubovskaya, V.M.; Finch, R.; Zheng, M.; Kurenova, E.V.; Cance, W.G. The 7-amino-acid site in the
proline-rich region of the n-terminal domain of p53 is involved in the interaction with fak and is critical for
p53 functioning. Biochem. J. 2008, 411, 151–160. [CrossRef] [PubMed]

33. Semela, D.; Dufour, J.F. Angiogenesis and hepatocellular carcinoma. J. Hepatol. 2004, 41, 864–880. [CrossRef]
34. Lee, B.Y.; Timpson, P.; Horvath, L.G.; Daly, R.J. Fak signaling in human cancer as a target for therapeutics.

Pharmacol. Ther. 2015, 146, 132–149. [CrossRef] [PubMed]
35. Mierke, C.T.; Fischer, T.; Puder, S.; Kunschmann, T.; Soetje, B.; Ziegler, W.H. Focal adhesion kinase activity is

required for actomyosin contractility-based invasion of cells into dense 3D matrices. Sci. Rep. 2017, 7, 42780.
[CrossRef] [PubMed]

36. Jan, Y.J.; Ko, B.S.; Hsu, C.; Chang, T.C.; Chen, S.C.; Wang, J.; Liou, J.Y. Overexpressed focal adhesion kinase
predicts a higher incidence of extrahepatic metastasis and worse survival in hepatocellular carcinoma.
Hum. Pathol. 2009, 40, 1384–1390. [CrossRef] [PubMed]

37. Sherr, C.J.; Roberts, J.M. Inhibitors of mammalian G1 cyclin-dependent kinases. Genes Dev. 1995, 9, 1149–1163.
[CrossRef]

38. Deng, C.; Zhang, P.; Harper, J.W.; Elledge, S.J.; Leder, P. Mice lacking P21CIP1/WAF1 undergo normal
development, but are defective in G1 checkpoint control. Cell 1995, 82, 675–684. [CrossRef]

39. Macleod, K.F.; Sherry, N.; Hannon, G.; Beach, D.; Tokino, T.; Kinzler, K.; Vogelstein, B.; Jacks, T. P53-dependent
and independent expression of p21 during cell growth, differentiation, and DNA damage. Genes Dev. 1995,
9, 935–944. [CrossRef]

http://dx.doi.org/10.1021/jf1028976
http://dx.doi.org/10.1007/s10637-012-9859-x
http://www.ncbi.nlm.nih.gov/pubmed/22821173
http://dx.doi.org/10.1111/j.1365-2141.2007.06955.x
http://dx.doi.org/10.1248/cpb.57.411
http://www.ncbi.nlm.nih.gov/pubmed/19336939
http://dx.doi.org/10.1016/j.tiv.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21310227
http://dx.doi.org/10.1016/S0006-2952(99)00325-1
http://dx.doi.org/10.1007/s00280-007-0533-5
http://dx.doi.org/10.1093/ecam/nen084
http://dx.doi.org/10.1080/15384101.2014.1000097
http://dx.doi.org/10.1371/journal.pone.0076320
http://dx.doi.org/10.3892/mmr.2015.3928
http://dx.doi.org/10.1016/j.lfs.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20006625
http://dx.doi.org/10.1042/BJ20071657
http://www.ncbi.nlm.nih.gov/pubmed/18215142
http://dx.doi.org/10.1016/j.jhep.2004.09.006
http://dx.doi.org/10.1016/j.pharmthera.2014.10.001
http://www.ncbi.nlm.nih.gov/pubmed/25316657
http://dx.doi.org/10.1038/srep42780
http://www.ncbi.nlm.nih.gov/pubmed/28202937
http://dx.doi.org/10.1016/j.humpath.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19454363
http://dx.doi.org/10.1101/gad.9.10.1149
http://dx.doi.org/10.1016/0092-8674(95)90039-X
http://dx.doi.org/10.1101/gad.9.8.935


Cancers 2019, 11, 168 14 of 14

40. Lee, S.Y.; Debnath, T.; Kim, S.K.; Lim, B.O. Anti-cancer effect and apoptosis induction of cordycepin through
dr3 pathway in the human colonic cancer cell HT-29. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc.
2013, 60, 439–447. [CrossRef]

41. Pan, B.S.; Wang, Y.K.; Lai, M.S.; Mu, Y.F.; Huang, B.M. Cordycepin induced MA-10 mouse leydig tumor cell
apoptosis by regulating p38 mapks and PI3K/AKT signaling pathways. Sci. Rep. 2015, 5, 13372. [CrossRef]
[PubMed]

42. Chen, Y.; Yang, S.H.; Hueng, D.Y.; Syu, J.P.; Liao, C.C.; Wu, Y.C. Cordycepin induces apoptosis of c6 glioma
cells through the adenosine 2a receptor-p53-caspase-7-parp pathway. Chem. Biol. Interact. 2014, 216, 17–25.
[CrossRef] [PubMed]

43. Graham, K.; Moran-Jones, K.; Sansom, O.J.; Brunton, V.G.; Frame, M.C. Fak deletion promotes p53-mediated
induction of p21, DNA-damage responses and radio-resistance in advanced squamous cancer cells.
PLoS ONE 2011, 6, e27806. [CrossRef] [PubMed]

44. Agarwal, R.P.; Sagar, S.M.; Parks, R.E., Jr. Adenosine deaminase from human erythrocytes: Purification and
effects of adenosine analogs. Biochem. Pharmacol. 1975, 24, 693–701. [CrossRef]

45. Lu, H.; Li, X.; Zhang, J.; Shi, H.; Zhu, X.; He, X. Effects of cordycepin on HEPG2 and ea.HY926 cells: Potential
antiproliferative, antimetastatic and anti-angiogenic effects on hepatocellular carcinoma. Oncol. Lett. 2014, 7,
1556–1562. [CrossRef] [PubMed]

46. Mehta, R.R.; Yamada, T.; Taylor, B.N.; Christov, K.; King, M.L.; Majumdar, D.; Lekmine, F.; Tiruppathi, C.;
Shilkaitis, A.; Bratescu, L.; et al. A cell penetrating peptide derived from azurin inhibits angiogenesis and
tumor growth by inhibiting phosphorylation of VEGFR-2, FAK and AKT. Angiogenesis 2011, 14, 355–369.
[CrossRef] [PubMed]

47. Golubovskaya, V.M.; Ho, B.; Zheng, M.; Magis, A.; Ostrov, D.; Morrison, C.; Cance, W.G. Disruption of focal
adhesion kinase and p53 interaction with small molecule compound R2 reactivated p53 and blocked tumor
growth. BMC Cancer 2013, 13, 342. [CrossRef] [PubMed]

48. Kisker, O.; Becker, C.M.; Prox, D.; Fannon, M.; D’Amato, R.; Flynn, E.; Fogler, W.E.; Sim, B.K.; Allred, E.N.;
Pirie-Shepherd, S.R.; et al. Continuous administration of endostatin by intraperitoneally implanted osmotic
pump improves the efficacy and potency of therapy in a mouse xenograft tumor model. Cancer Res. 2001, 61,
7669–7674. [PubMed]

49. Gourdeau, H.; Leblond, L.; Hamelin, B.; Dong, K.; Ouellet, F.; Boudreau, C.; Custeau, D.; Richard, A.;
Gilbert, M.J.; Jolivet, J. Species differences in troxacitabine pharmacokinetics and pharmacodynamics:
Implications for clinical development. Clin. Cancer Res. 2004, 10, 7692–7702. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.fct.2013.07.068
http://dx.doi.org/10.1038/srep13372
http://www.ncbi.nlm.nih.gov/pubmed/26303320
http://dx.doi.org/10.1016/j.cbi.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24704558
http://dx.doi.org/10.1371/journal.pone.0027806
http://www.ncbi.nlm.nih.gov/pubmed/22194793
http://dx.doi.org/10.1016/0006-2952(75)90245-2
http://dx.doi.org/10.3892/ol.2014.1965
http://www.ncbi.nlm.nih.gov/pubmed/24765175
http://dx.doi.org/10.1007/s10456-011-9220-6
http://www.ncbi.nlm.nih.gov/pubmed/21667138
http://dx.doi.org/10.1186/1471-2407-13-342
http://www.ncbi.nlm.nih.gov/pubmed/23841915
http://www.ncbi.nlm.nih.gov/pubmed/11606410
http://dx.doi.org/10.1158/1078-0432.CCR-04-0657
http://www.ncbi.nlm.nih.gov/pubmed/15570003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Suppression of FAK Expression in ECs by Cordycepin 
	Inhibition of EC Migration, Proliferation, Tube Formation, and In Vivo Angiogenesis by Cordycepin 
	Suppression of the Expression of FAK in ECs by Cordycepin 
	Induction of p53 and p21 Expression in ECs by Cordycepin 
	Inhibition of the Proliferation and Tumor Growth of HCC Cells by Cordycepin 

	Discussion 
	Materials and Methods 
	Cell Culture and Reagents 
	Western Blot Analysis 
	qPCR Analysis 
	Cell Migration and Wound Healing Analysis 
	Cell Proliferation Analysis 
	Flow Cytometry Analysis 
	Tube Formation 
	Immunofluorescence Confocal Microscopy 
	In Vivo Matrigel Plug Angiogenesis Assay and Tumor Xenograft Experiments 

	Conclusions 
	References

