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Abstract 

Background  FAK is a non-receptor tyrosine kinase and an adaptor protein commonly overexpressed in cancer. It regulates 
multiple tumorigenic pathways through both kinase-dependent and kinase-independent scaffolding functions and thus 
represents a promising therapeutic target for various cancers. Several FAK kinase inhibitors shown to be effective in preclini-
cal studies advanced to clinical trials, however none produced objective clinical responses. These results are in part attrib-
uted to drug resistance and the inability to simultaneously target kinase-dependent and kinase-independent functions 
of the protein, both of which have been shown to promote tumorigenesis. This has led to the development of scaffold 
inhibitors that could be used as adjuvants, none of which have so far reached the clinical stage. Importantly, FAK’s closely 
related paralogue, PYK2, compensates for the loss of FAK thus it is also important to target both kinases. In the present study, 
we evaluate a novel strategy for the inhibition of kinase-dependent and kinase-independent functions of FAK and PYK2 
through the expression of the FAT HP-site-specific LD2-LD4 peptide that leads to their displacement from focal adhesions.

Methods  The impact of LD2-LD4 expression on FAK and PYK2 was assessed through co-immunoprecipitation experi-
ments, Western Blot analysis and quantitative immunofluorescence. In vitro investigation of the effects of LD2-LD4 
expression on tumor cell migration and proliferation was carried out using 2D migration, 3D invasion and prolifera-
tion assays. The preclinical experiments of this study were carried out using an orthotopic xenograft model, followed 
by immunohistochemical analysis.

Results  We show that LD2-LD4 expression leads to the displacement of FAK and PYK2 from focal adhesions, blocking 
both enzymatic and non-enzymatic activities. It also dramatically inhibits 2D cell migration, as well as invasion in vitro. 
Importantly, LD2-LD4 exerts promising anti-tumor effects and nearly abolishes the appearance of metastatic foci. 
Finally, we show that an LD monomer can also displace both FAK and PYK2 from FAs suggesting that organic mol-
ecules with high affinity for the FAT HPs could mimic the LD2-LD4 activity.

Conclusions  Targeting the FAT domain hydrophobic patches of FAK/PYK2 is a highly effective inhibitory strategy 
that can overcome the limitations of existing ATP competitive inhibitors and lead to the development of novel inhibi-
tors with strong antitumor and antimetastatic activity.
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Background
The Focal Adhesion Kinase (FAK) is a highly conserved 
non-receptor tyrosine kinase involved in several cellular 
processes primarily as a transducer of integrin and growth 
factor signaling, including regulation of cell adhesion, 
migration, growth, survival and gene expression [1, 2]. FAK 
is recruited to focal adhesions (FAs) via interaction of its 
FAT domain with LD-motif containing proteins, such as 
Paxillin [3, 4]. Activation of FAK begins with interaction of 
inactive FAK dimers with PI(4,5)P2-rich membranes, lead-
ing to disruption of the auto-inhibition conferred by the 
interaction between the FERM and kinase domains and 
exposure of Tyrosine 397 (Y397) [5]. Upon Y397 phospho-
rylation, FAK acts as a scaffold to recruit Src kinases at FAs, 
leading to phosphorylation of FAK on Y576 and Y577 in the 
activation loop, as well as recruitment and phosphorylation 
of downstream targets, such as the p130 Cas adaptor pro-
tein [6, 7]. Therefore, FAK exerts both kinase-dependent 
and kinase-independent (scaffolding) functions [4, 7]. In 
addition to its critical roles at FAs, FAK can also be found 
in the nucleus, where it functions by scaffolding transcrip-
tional regulators, such as p53, and regulating expression of 
genes that are significant determinants of both the tumor 
micro-environment and anti-tumor immunity [8, 9].

Even though FAK is rarely mutated in cancer, it is very 
commonly overexpressed in various human malignancies 
[10–12], with > 20% of cancers including lung, breast, 
ovarian and colorectal, having an increased copy number 
of FAK [12–14]. This has been associated with poor over-
all patient survival [10, 11]. Therefore, and given the very 
low levels of expression in normal tissues [15], FAK has 
emerged as a promising therapeutic target for cancer and 
metastasis, with several small molecule FAK inhibitors 
undergoing preclinical and clinical trials [2].

PYK2 is a closely related paralogue of FAK, with which 
shares not only a high amino acid (48%) and structural sim-
ilarity (65%) [16], but also several binding partners, endog-
enous activation and control mechanisms, and nuclear 
localization and export signals [17, 18]. However, PYK2 is 
weakly targeted to FAs, despite the interaction of its FAT 
domain with the LD motifs of Paxillin [12, 19]. Therefore, 
PYK2 and FAK are often overexpressed and regulate over-
lapping signaling pathways in cancer progression, such as 
the Wnt/β-catenin pathway [20]. Upon FAK inhibition, 
PYK2 can compensate for the loss of FAK, and its expres-
sion and phosphorylation are increased [8, 21, 22].

To date, all FAK or dual FAK/PYK2 inhibitors tested in 
clinical trials are ATP-competitive inhibitors that target the 
kinase domain and block the enzymatic activity by compet-
ing for ATP-binding [2]. These small molecule inhibitors 
exhibited limited clinical efficacy, without exerting signifi-
cant clinical response and thus, recent work is now focus-
ing on evaluating FAK kinase inhibitors in combination 

with other targeted therapies to overcome failure of chem-
otherapeutic agents and enhance the efficacy of immune-
based treatments [12, 23, 24]. Scaffolding functions of FAK 
have also been implicated in cancer cell survival and metas-
tasis, however exclusive targeting of FAK scaffolding func-
tions does not appear to be sufficient as an anti-cancer or 
anti-metastatic treatment [25, 26]. Therefore, it is becoming 
clear that targeting both the kinase-dependent and kinase-
independent functions of FAK could significantly improve 
clinical efficacy outcomes. The potential benefit of target-
ing both enzymatic and non-enzymatic functions of FAK 
is highlighted by work using proteolysis targeting chimeras 
(PROTACs) [27] which have shown promising results, yet 
they are still hampered by notable issues, including poor 
solubility and permeability, as well as poor cell penetration 
and oral bioavailability due to their large molecular weight 
[28, 29]. Therefore, this raises the necessity for the devel-
opment of novel small molecule dual FAK/PYK2 inhibitors 
that can target both scaffolding and enzymatic functions of 
both proteins at the same time.

We have previously developed a novel strategy for the 
inhibition of FAK, that can effectively and simultaneously 
target both its kinase-dependent and kinase-independ-
ent functions. The strategy relies on the displacement of 
FAK from FAs, using a peptide, to compete with interac-
tions taking place between the LD motifs of Paxillin and 
the hydrophobic pockets (HPs) of the FAK FAT domain, 
shown to be necessary and sufficient for FAK´s FA target-
ing [17, 30]. Specifically, we showed that a short peptide 
containing the LD2 and LD4 motifs of Paxillin (LD2-LD4), 
as well as an LD2 or LD4 dimer, are sufficient to mask 
interactions at the HPs of the FAT domain of FAK, leading 
to the displacement of the endogenous protein from FAs 
[31]. Herein, we further show that the LD2-LD4 contain-
ing peptide targets both FAK and PYK2 in different cancer 
cell types. We further examined the efficacy of this newly 
developed strategy for the inhibition of FAK and PYK2, 
by exploring the impact of LD2-LD4 expression on tumor 
growth and metastasis in  vivo, using a highly metastatic 
breast cancer xenograft model. Collectively, data from our 
preclinical experiments indicated that expression of the 
LD2-LD4 peptide inhibited tumor growth. More impor-
tantly, however, LD2-LD4 expression had a dramatic 
impact on tumor progression and metastasis, nearly abol-
ishing the appearance of metastatic tumors, highlighting 
the potential of this developed strategy as a therapeutic 
approach against cancer and metastasis.

Methods
Experimental design
We investigated the impact of LD2-LD4 expression on 
PYK2’s FA localization and activity utilizing FAK null, 
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U-118 MG and MDA231-LM2-4175 stable cells induc-
ibly expressing LD2-LD4, in co-immunoprecipitation 
experiments, Western Blot analysis and quantitative 
immunofluorescence, as well as 2D migration and 3D 
invasion assays to examined LD2-LD4 impact on tumor 
cell migration and invasion in  vitro. We performed the 
preclinical experiments of this study utilizing a highly 
metastatic breast cancer xenograft model, followed by 
immunohistochemical analysis, for exploring LD2-LD4 
impact on tumor establishment, growth and metastasis.

Plasmids
mScarletI-PYK2 construct was generated in two steps as 
followed: firstly, the sequence of mScarletI was amplified 
with PCR using EMTB-mScarletI (Addgene, #137801) as 
a template with the primers F:aaaGGA​TCC​atggtgagcaa-
gggcgaggcagtgat and R:aaaGAA​TTC​cttgtacagctcgtccat-
gccgccgg, without a stop codon. The PCR program was as 
follows: 5 min at 95 °C for initial denaturation, followed 
by 35 cycles of 15 s at 95 °C, 30 s at 65 °C, 45 s at 68 °C 
and final extension at 68 °C for 5 min. The PCR product 
was cloned into an empty pCS108 vector with BamHI 
and EcoRI. Next, the sequence of human full-length 
wild type PYK2 was amplified with PCR with the prim-
ers F:aaaGAA​TTC​atgtctggggtgtccgagcccctgagtcgag and 
R:aaaTCT​AGA​ctactctgcaggtgggtgggccagattggcc using 
the pEGFP-C3-FLAG-PYK2 WT plasmid as a template, 
kindly provided by Dr. Francisco Sánchez-Madrid Labo-
ratory (Spain) [32]. The PCR program was as follows: 
5  min at 95 °C for initial denaturation, followed by 35 
cycles of 15 s at 95 °C, 30 s at 65 °C, 3:08 min at 68 °C and 
final extension at 68 °C for 5 min. The PCR product was 
cloned into the pCS108-mScarletI (no stop) vector with 
EcoRI and XbaI, in frame with mScarletI. mRuby-PYK2 
plasmid was generated similarly to mScarletI-PYK2 plas-
mid by cloning of PYK2 insert into a pCS108-mRuby vec-
tor with same restriction enzymes.

The generation of GFP-LD2-LD4, GFP-LD2 and GFP-
LD4 was previously described [31].

pCS2+ +GFP-Paxillin plasmid was used as a tem-
plate for the generation of GFP-LD2-LD3 (139-233aa), 
GFP-LD3 (213–232aa), GFP-LD3-LD4 (214-279aa) and 
Linker(3–4)-LD4 (234-279aa) constructs. PCR amplifica-
tion was performed with the following primers:

F/LD2_NotI
aaaGCG​GCC​GCG​GTG​GTG​GTG​GTG​GTG​GTg-
gcagcaac
F/LD3_NotI
aaaGCG​GCC​GCG​GTG​GTG​GTG​GTG​GTG​GTgt-
gcgtcccagtgtggaga
R/LD3_XhoI_STOP

aaaCTC​GAG​CTAgactgggcttggcacagagctctccagct-
catccag
R/LD4_XhoI_STOP
gggCTC​GAG​TTAgaacttaaagtcagagagggacgccatcagc
F/LINKER34_NotI
aaaGCG​GCC​GCG​GTG​GTG​GTG​GTG​GTG​GTc-
ctgcaatcactgtgagccaaggggaggtga

PCR fragments were added to pcs108-GFP vector 
with NotI and XhoI.

Cell lines, cell culture and transient transfection
FAK null, MDA-MB-231 (MDA), HeLa and HEK293T 
cell lines were obtained from ATCC, U-118 MG cell 
line was kindly provided by Dr. Pavlos Costeas Labora-
tory (CSHM, Karaiskakio Foundation) and MDA231-
LM2-4175 (LM2), SUM149 and SUM159 cell lines 
were kindly provided by Dr. Panagiotis Papageorgis 
Laboratory (European University of Cyprus). SUM149 
and SUM159 cells were cultured at 37 °C with 5% CO2 
in DMEM/F12 (Gibco, #11320033) medium supple-
mented with 5% Fetal Bovine Serum (PAN BIOTECH, 
#P30-3306), 5  µg/mL insulin (Capricorn Scientific, 
#INS-K), 1  μg/mL hydrocortisone (Sigma-Aldrich, 
#H0135) and 1% 1XAntibiotic-Antimycotic (Biosera, 
#XC-A4110/100). All other cell lines were cultured at 37 
°C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium 
(Santa Cruz Biotechnology, #sc-224478) supplemented 
with 10% Fetal Bovine Serum and 1XAntibiotic-Anti-
mycotic. Transient transfection with Lipofectamine 
2000 (Invitrogen, #11668019) was performed in Opti-
MEM reduced serum media (Gibco, #31985070) for 6 h, 
according to the manufacturer’s protocol. Cells were 
seeded in 15 mm round (Marienfeld, #0111550) HCl-
treated glass coverslips 24 h before transfection. All cell 
lines were routinely tested for mycoplasma.

GFP and LD2‑LD4 stable cell line generation
Lentivirus-based stable cell line generation was per-
formed as previously described [31]. Single-cell clon-
ing isolation was performed for MDA-LD2-LD4 and 
LM2-LD2-LD4 cells to derive cells with uniform high 
expression of LD2-LD4.

Growth curves
Approximately 200 000 cells were seeded onto triplicate 
12-well plates (Santa Cruz Biotechnology, #sc-204444) 
in DMEM supplemented with 10% FBS and cell growth 
curves were generated by harvesting cells every day by 
trypsinization, followed by manually cell counting with 
Neubauer Chamber (Reichert Bright-Line Metallized 
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Hemacytometer, Hausser Scientific), as previously 
described [33]. Imaging was performed with a Zeiss 
Axiovert 200M microscope with a Plan-APOCHRO-
MAT 10x/0.45 Ph1 objective and a Zeiss AxioCam MRm 
camera.

Cell immunostaining and imaging
Cells seeded on HCl-treated glass coverslips were rinsed 
with 1XPBS (Gibco, #10010–015) and fixed with 4% PFA 
(Sigma-Aldrich, #158127-5G) as previously described 
[31]. Alternatively, cells were fixed and permeabilized 
with 100% ice-cold methanol (Sigma-Aldrich, #M1775-
1GA) for 20 min at − 20  °C or with 1:1 mixture of 4% 
PFA and 0.5% Triton X-100 (Sigma-Aldrich, #1610407) in 
1XPBS for 1 min on ice, followed by 5-min fixation in 4% 
PFA. All fixations were followed by three 5-min washes 
with IXPBS  and subsequent blocking with 10% donkey 
serum (Jackson Immumoresearch, #017–000–121) in 
1XPBS for 30 min and incubated with primary antibod-
ies overnight at 4  °C in blocking solution. Primary anti-
bodies used in immunofluorescence experiments were: 
goat anti-GFP (1:1000; Novus, #NB100-1770), rabbit 
anti-PYK2 (1:100; Invitrogen, #700183), rabbit anti-
phospho-Y402_PYK2 (1:500; Invitrogen, #44-618G), 
mouse anti-Vinculin (1:500; Santa Cruz Biotechnology, 
#sc-73614), rabbit anti-Vinculin (1:2000; Proteintech, 
#26520-I-AP), mouse anti-FAK (1:1000; Proteintech, 
#66258-1-Ig), rat anti-FAK (1:500; BioLegend, #694002), 
mouse anti-Paxillin (1:500; R&D Systems, #AF4259), rab-
bit anti-FAK (1:1000; Proteintech, #12636-1-AP), rab-
bit anti-ILK (1:500; Abcam, #ab74336), goat anti-Talin 
C- 20 (1:500; Santa Cruz, #sc-7534), rabbit anti-phosho-
Y397_FAK (1:500; Invitrogen, #44-624G), rabbit anti-
phosho-Y576_FAK (1:500; Invitrogen, # 44652G), rabbit 
anti-phosho-Y31_Paxillin (1:500; Santa Cruz, #sc-14035), 
rabbit anti-phosho-Y118_Paxillin (1:500; Invitrogen, #44-
722G) and mouse anti-p-Tyr (pY20) (1:500; Santa Cruz, 
#sc-508). Primary antibodies were washed off with three 
5-min washes in 1XPBS, followed by subsequent incuba-
tion with secondary antibodies in blocking solution for 
1.5 h at room temperature. Secondary antibodies used 
were: DyLight™ 405 AffiniPure Donkey Anti-Mouse IgG 
(H + L) (1:100; Jackson ImmunoResearch, #715–475-
150), Donkey anti-Goat IgG (H + L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 488 (1:500; Invitro-
gen, #A-11055), Donkey anti-Mouse IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568 
(1:250; Invitrogen, #A10037), Donkey anti-Rabbit IgG (H 
+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa 
Fluor™ 568 (1:250; Invitrogen, #A10042), Donkey anti-
Rat IgG (H + L) Highly Cross-Adsorbed Secondary Anti-
body, Alexa Fluor™ 568 (1:250; Invitrogen, #A78946), 

Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 647 (1:100; Invitro-
gen, #A-31571), Donkey anti-Rabbit IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 
(1:100; Invitrogen, #A-31573), Donkey anti-Goat IgG (H 
+ L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 
647 (1:100; Invitrogen, #A-21447) and Donkey anti-Rat 
IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, 
Alexa Fluor™ Plus 647 (1:100; Invitrogen, #A48272). Sec-
ondary antibodies were washed off with 1XPBS 3 times 
and coverslips were mounted inverted in ProLong™ Dia-
mond Antifade Mountant (Thermo Scientific, #P36961). 
Confocal and super-resolution imaging was performed 
as previously described [31], using lasers 405nm, 488 nm, 
561 nm and 647 nm.

Cell lysis and preparation
For SDS‑PAGE
Cells seeded on 6-well tissue culture plate (Santa Cruz 
Biotechnology, #sc-204443) were washed once with ice-
cold 1XPBS and lysed with 2XSDS buffer [200 mM Tris 
pH 6.8, 20% glycerol (Thermo Scientific, #15514011), 
4% SDS (Sigma, #436143 - 100G, 2% 2-mercaptoetha-
nol (Sigma-Aldrich, #M3148), 0.2% Bromophenol blue 
(Fisher Scientific, #50–488–539] on ice, scraped with a 
cell scraper (Santa Cruz Biotechnology, #sc-395250) and 
collected in 1.5 ml Eppendorf tube (Santa Cruz Biotech-
nology, #sc-200271). Lysates were then passed through 
1 ml 25G syringe (Pic solution, #02071250300350) mul-
tiple times, followed by incubation at 95οC for 5  min 
and centrifugation (16 100 g for 10 min). Cleared lysates 
stored at − 20οC.

For immunoprecipitation
Cells seeded on a 10 cm tissue culture plate (Santa Cruz 
Biotechnology, #sc-200286) were washed once with 
ice-cold 1XPBS and lysed with ice-cold RIPA buffer 
[20 mM Tris pH 7.5, 150 mM NaCl, 1% NP40 (Sigma, 
#74385)] supplemented with protease inhibitors (Roche, 
#11836153001), sodium orthovanadate (1 mM) (Sigma-
Alrich, #S6508 - 10G) and PMSF Protease Inhibitor (1 
mM) (Fluka, #78830) on ice, scraped with a cell scraper 
and collected in 1.5 ml Eppendorf tube. Lysates were then 
passed through 1 ml insulin 25G syringe multiple times, 
followed by centrifugation (16 100 g for 10 min). Cleared 
lysates were stored at − 20οC.

Immunoprecipitation
10μL of GFP-Trap Agarose bead slurry (Proteintech, 
#gta) were equilibrated 3 times with 500 μL ice-cold RIPA 
buffer, followed by centrifugation (2 500 g for 5 min) at 
4  °C. Protein extracts of induced and uninduced cells 
were gently added to equilibrated beads and the mixture 
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was rotated for 1.5 h at 4  °C. The beads were washed 5 
times with ice-cold RIPA buffer and then resuspended 
in 10 μl 2XLaemli sample buffer (Bio-Rad, #1610737) 
supplemented with 2-mercaptoethanol (Sigma-Aldrich, 
#M3148). After a short spin, samples were boiled for 
5 min at 95 °C and the immunocomplexes were isolated 
with centrifugation (2 500 g for 5 min) at 4  °C and ana-
lyzed by western blot.

Focal adhesion isolation
Isolation of focal adhesion structures was performed 
according to Kuo et  al., 2011 [34] by adding TEA-con-
taining low ionic strength buffer in cultured LM2-LD2-
LD4 stable cells (induced and uninduced) seeded on 10 
cm cell culture dishes (2 × plates for each condition), fol-
lowed by Western Blot analysis.

Western blotting
Lysates were loaded into SDS–polyacrylamide gels, 
along with protein ladder marker (NIPPON Genetics, 
#MWP03) and then they were transferred onto nitrocel-
lulose membrane (Porablot NCP- MACHERY-NAGEL, 
#741280). The membrane was blocked in 5% BSA (Sigma, 
#A9647-50G) in 1XPBS for 1  h, followed by overnight 
incubation with primary antibodies diluted in 5% BSA in 
0.1% PBS-Tween 20 (1XPBS and 0.1% Tween 20 (Sigma, 
#P6585 - 100ML))  at 4  °C. Primary antibodies used for 
western blot analysis were: rabbit anti-GFP (1:3000; Pro-
teintech, #50430–2-AP), mouse anti-GFP (1:500; Invitro-
gen, #A-11120), rabbit anti-phosho-Y31_Paxillin (1:1000; 
Santa Cruz, #sc-14035-R), rabbit anti-PYK2 (1:1000; Invit-
rogen, #700183), mouse anti-phospho-Y402_PYK2 (1:800; 
Santa Cruz, #sc-293142), mouse anti-PYK2 (1:1000; Santa 
Cruz, #sc-393181), rabbit anti-phospho-Y402_PYK2 
(1:800; Invitrogen, #44-618G), mouse anti-α Tubulin 
(1:1000; Santa Cruz Biotechnology, #sc-5286), mouse 
anti-FAK (1:1000; Proteintech, #66258-1-Ig), rabbit anti-
phosho-Y397_FAK (1:1000; Invitrogen #44-624G), rab-
bit anti-β-Actin (1:1000; Cell Signaling Technology, Inc., 
#8457), mouse anti-GAPDH (1:1000; Santa Cruz Biotech-
nology, #sc-32233)  and mouse anti-p53 (1:1000;  Santa 
Cruz Biotechnology, #sc-126). After three 10-min washes 
in 0.1% PBS-Tween 20, the membrane was incubated with 
secondary antibodies diluted in 5% BSA in 0.1% PBS-
Tween 20 for 1 h at room temperature, followed by three 
5-min washes in 0.1% PBS-Tween 20. HRP-conjugated 
secondary antibodies used were: a) for single visualization: 
m-IgGκ BP-HRP (1:5000; Santa Cruz Biotechnology, #sc-
516102) and mouse anti-rabbit IgG-HRP (1:5000, Santa 
Cruz Biotechnology, #sc-2357), b) in combination with 
fluorescent antibodies: goat anti-rabbit IgG-HRP (1:5000; 
Santa Cruz Biotechnology, #sc-2054) and goat anti-mouse 
IgG-HRP (1:5000; Santa Cruz Biotechnology, #sc-2302). 

Fluorescent secondary antibodies used were: Donkey 
anti-Mouse IgG (H + L) Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor™ Plus 800 (1:6000; Invitrogen, 
#A32789) and Donkey anti-Rabbit IgG (H + L) Highly 
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 
680 (1:6000; Invitrogen, #A32802). Immobilon Forte 
Western HRP substrate (Millipore, #WBLUF0500) was 
used as a chemiluminescent HRP detection reagent. Vis-
ualization was performed using the Bio-Rad ChemiDoc 
MP Imaging System.

Live‑cell imaging
Migration assay
Uninduced and pre-induced (48 h) LM2-LD2-LD4 cells 
or MDA-MB-231 cells transiently transfected with GFP-
Linker(3-4)-LD4 construct  were seeded in 2-well ibidi 
chamber slides (Ibidi, #80286) in 1XCO2 independent 
medium (Gibco, #18045088) supplemented with 10% 
FBS and 1XAntibiotic-Antimycotic. Live cell imaging 
was performed in triplicates for approximately 21.5 h 
utilizing ibidi heating system (Ibidi, #10927) on a Zeiss 
Axiovert 200 M microscope with a Plan-APOCHRO-
MAT 10x/0.45 Ph1 objective and a Zeiss AxioCam MRm 
camera.

FA localization
Uninduced and pre-induced (48 h) LM2-LD2-LD4 cells 
transfected with mRuby-PYK2 were seeded in 2-well ibidi 
chamber slides in Leibovitz’s L- 15 (Gibco, #11415064) 
medium supplemented with 10% FBS and 1XAntibiotic-
Antimycotic. Live-cell imaging was performed as previ-
ously described [31], using Zeiss LSM 900 Airyscan 2 
laser scanning confocal microscope (Carl Zeiss AG, Ger-
many) with a PlanApochromat 63x/1.40 oil DIC immer-
sion objective and lasers 488 nm and 561 nm.

Scratch‑wound assay
Uninduced and induced (48 h) LM2-LD2-LD4 cells 
seeded and grown to confluence in 2-well ibidi cham-
ber slides (Ibidi, #80286) and wounding was performed 
by scratching the monolayer of cells with a pipette tip. 
Live-cell imaging was performed in Leibovitz’s L-15 
(Gibco) medium supplemented with 1% FBS and 1XAn-
tibiotic-Antimycotic for approximately 10 h on a Zeiss 
Axiovert 200 M microscope with a Plan-APOCHRO-
MAT 10x/0.45 Ph1 objective and a Zeiss AxioCam MRm 
camera.

Invasion assay
Invasion assay was performed as previously described 
[31] with few modifications. Uninduced LM2-LD2-LD4 
cells were resuspended in a solution of 2% low serum col-
lagen (Santa Cruz Biotechnology, #sc-136157) [107μL 
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Collagen, 89μL DMEM supplemented with 1% FBS, 11μL 
10XPBS (Gibco, #70011044), 5μL 1  M NaOH and 2μL 
1XAntibiotic-Antimycotic] to achieve a final concentra-
tion of 66 000 cells/μL. 1.5 μL of the mixture was placed 
as a droplet at the center of a modified chamber gel inva-
sion assay device developed in our lab [35]. A round 15 
mm coverslip was added to the top and the collagen mix-
ture was allowed to set in a humidifying chamber (37 °C) 
for 11.5 min. The remaining area under the round cover-
slip was filled with a second layer of a solution of 2% full 
serum collagen (107μL Collagen, 89μL DMEM supple-
mented with 10% FBS, 11μL 10XPBS, 5μL 1 M NaOH and 
2μL 1XAntibiotic-Antimycotic), that was allowed to set 
in a humidifying chamber (37 °C) for 30 min. The device 
was then filled with DMEM supplemented with 10% FBS 
and 10 μg/ml doxycycline was added to the + DOX well. 
Static images were obtained with a Zeiss Axiovert 200 M 
microscope with an EC PLAN-APOCHROMAT 5x/0,16 
objective and a Zeiss AxioCam MRm camera.

Spheroids
Approximately 5000 cells were seeded in 96-well flat 
bottom plate (Corning, #3596) coated with 1% agarose, 
in full DMEM medium supplemented with 10% FBS 
and 1XAntibiotic-Antimycotic, followed by centrifuga-
tion 5  min x 1000 rpm. After 24 h-incubation, full cell 
medium was removed with 1  ml syringe and 2% full 
serum collagen (107μL Collagen, 89μL DMEM supple-
mented with 10% FBS, 11μL 10XPBS, 5μL 1  M NaOH 
and 2μL 1XAntibiotic-Antimycotic) (10 μg/ml doxycy-
cline was added to the + DOX mixture) was added care-
fully to cells. Upon 30 min incubation in a humidifying 
chamber (37 °C), full DMEM medium was added to cells. 
Static images were obtained with a Zeiss Axiovert 200 M 
microscope and a Zeiss AxioCam MRm camera.

Tumor xenografts
NOD/SCID female immunodeficient mice (8–12 weeks 
old) used for the in  vivo experiments were provided by 
The Cyprus Institute of Neurology and Genetics.

MDA‑GFP xenografts
A total of 1X106 MDA-GFP cells were suspended in 
IXPBS and injected orthotopically into the left mammary 
fat pad of each NOD/SCID immunodeficient mouse 
(n = 10 mice), following anesthetization of mice with 
IP injection of Avertin (20 mg/kg). Mice received either 
diet standard food pellets (Mucedola s.r.l, #4RF25) (n = 5 
mice) or 0.625 g/kg doxycycline food pellets (Safe Cus-
tom Diets, #E8200 Version 0115) (n = 5 mice). Through-
out the experiment, tumor volume was measured using 
a caliper (Fine Science Tools, #30087–20) and calculated 
by the equation: x = 1/2*(length*width2). At the end of 

the study (30 days) mice were sacrificed via CO2 inha-
lation and excised tissues were fixed and processed for 
immunohistochemical analysis.

LM2‑GFP xenografts
LM2-GFP xenografts were generated in 2 independ-
ent experiments similarly to MDA-GFP xenografts with 
few modifications. A total of 2X106 LM2-GFP cells were 
injected into mice (n = 16) and half of mice received 
diet standard food and the other half 0.625 g/kg doxy-
cycline food pellets. Mice were sacrificed five weeks 
post-injections.

LM2‑LD2‑LD4 xenografts
LM2-LD2-LD4 xenografts were generated in 3 independ-
ent experiments, similarly to MDA-GFP xenografts with 
few modifications. A total of 2X106 LM2-LD2-LD4 cells 
were injected into mice that were either a) pre-induced 
to express LD2-LD4 using doxycycline ex vivo for 6 days 
prior to tumor cell injection (‘PRE-INDUCED’ group), or 
induced to express LD2-LD4 via doxycycline food pel-
lets (0.625 g/kg) in vivo, starting either (b) on the day of 
tumor cell injection (‘DOX DAY 0’ group) (prophylactic 
treatment) or c) 7 days post tumor cell injection (‘DOX 
DAY 7’ group) (therapeutic treatment) or d) not induced 
to express LD2-LD4 at any point (‘-DOX’ control group) 
(N = 6–7 mice per group). Mice were sacrificed nine 
weeks post-injections.

Immunohistochemistry
Tissues collected from mice were washed 3 times in 
1XPBS and pre-fixed with 4% PFA overnight at 4  °C. 
Samples were then washed 3 times in 1XPBS for 5 min 
and embedded in PolyFreeze (Sigma-Aldrich, #P0091) 
in cryomolds (Thermo Fisher Scientific, #2219) and 
frozen completely at − 80  °C. 19 μm thick cryosections 
were produced using the SLEE MAINZ cryostat and 
SuperfrostTMPlus Adhesion Microscope slides (Epredia, 
#J1800AMNZ) were used for the mounting of sections. 
Freshly section tissues dried at room temperature for 5–6 
h and stored at − 80 °C. All pre-fixed tissues were imaged 
prior to their cryopreservation with a Zeiss Lumar.V12 
stereoscope and a Zeiss NeoLumar S 1.5 × FWD 30 mm 
lens, using a Zeiss AxioCam MRc5 camera. 

Fluorescent immunohistochemistry was performed 
by two 5-min washes in 1XPBS, fixation of the tissues 
with 4% PFA for 10 min, quenching with 10 mM Glycine 
(pH = 7.8) (Sigma-Aldrich, #G8898-500G) for 10 min 
and permeabilization with 0.2% Triton X- 100 in 1XPBS 
for 10 min at room temperature. Sections were then 
washed 2 times with 1XPBS and incubated in blocking 
solution (10% Donkey serum in 0.2% Triton in 1XPBS) 
for 1  h at room temperature and then immunostained 
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with rat anti-integrin beta1 (CD29) antibody, clone 
mAb13 (1:500; Merck, #MABT821) overnight at 4  °C. 
Tissues were next washed 2 times with 1XPBS and incu-
bated with Donkey anti-Rat IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ 568 (1:250; 
Invitrogen, #A78946) for 1.5 h in blocking buffer. Next, 
sections were washed twice with 1XPBS for 5  min and 
incubated in Hoechst 33342 (1:5000; Invitrogen, #62249) 
in 1XPBS for 20 min at room temperature. Sections were 
mounted with ProLong™ Diamond Antifade Mountant 
(Thermo Fisher Scientific, #P36961)  and covered with 
a glass rectangular coverslip 24X50 mm (Marienfeld, 
#0101222). Confocal imaging of immunostained tissues 
was performed on a Zeiss LSM 900 laser scanning confo-
cal microscope with an EC Plan-Neofluar 10x/0.30 M27 
or a PLAN APOCHROMAT 20x/0.8 objective using 
lasers 405 nm, 488 nm and 561 nm.

Chromogenic Immunohistochemistry was performed 
by two 5-min washes in 1XPBS, fixation of the tissues with 
4% PFA for 20 min, quenching with 10 mM Glycine (pH 
= 7.8) for 20 min and permeabilization with 0.2% Triton 
X-100 in 1XPBS for 20 min at room temperature. Sections 
were then washed 2 times with 1XPBS and incubated in 
3% Hydrogen Peroxide (EMSURE, #1.07210.1000) for 10 
min, followed by two 5-min washes in 1XPBS. Next, tis-
sues were incubated in blocking buffer [10% goat serum 
(Jackson Immumoresearch, #005–000–121)] in 1% 
BSA in 1XPBS for 10 min at room temperature and then 
immunostained with anti-mAb13 in 0.1% BSA in 1XPBS 
overnight at 4  °C. Sections were next washed 2 times 
with 1XPBS and incubated with Goat anti-Rat IgG-HRP 
(1:700; Santa Cruz, #sc-2006) for 10 min in 0.1% BSA in 
1XPBS. Next, sections were washed twice with 1XPBS for 
5 min and incubated in DAB Chromogen Solution (DAB 
Substrate Kit; Abcam, #ab64238) according to the manu-
facturer’s protocol. Lastly, sections were washed with 
1XPBS twice and then mounted in Fluoromount™ Aque-
ous Mounting Medium (Sigma-Aldrich, #F4680 - 25ML). 
Imaging of the tissues was performed with a Zeiss Lumar.
V12 stereoscope and a Zeiss NeoLumar S 1.5 × FWD 30 
mm lens, using a Zeiss AxioCam MRc5 camera.

Quantifications and statistical analysis
Quantification of Western blot bands for 3 independent 
experiments was performed with ImageJ 1.52p. Quan-
tification for the FA-localization of individual proteins 
was performed with Imaris 9.1.2. image analysis soft-
ware. Specifically, a manual selection of each FA was 
performed in individual cells, and for quantification pur-
poses, the mean cytosolic fluorescent intensity was sub-
tracted from the mean FA fluorescent intensity for each 
protein. Live-cell time-lapse analysis of 2D migration 
assay (3 independent experiments) was performed with 

automated tracking of the motion path of each cell over 
time using Imaris software. Specifically, quantification 
of the mean track displacement length (μm) and mean 
track speed (μm/sec) of individual cells was automati-
cally calculated by the software. Axiovision LE (AxioVs40 
V 4.8.2.0) software was used for the quantification of the 
invasion efficiency of induced and uninduced LM2-LD2-
LD4 cells, using obtained static pictures. Specifically, the 
distance between the boundary of the inner and outer gel 
and the point that representative leading invading cells 
from different areas of the setup had reached was meas-
ured to compare the distance covered by induced and 
uninduced cells. Quantification of lung metastasis was 
performed with AxioVision LE software, utilizing images 
obtained following chromogenic immunohistochemistry 
application. Specifically, imaging analysis was performed 
by calculating the mean metastatic area/total lung area 
ratio in 13 sections per group from 2 independent in vivo 
experiments. Statistical analysis and graphs were per-
formed with the GraphPad Prism software (Prism 5 For 
Windows, Version 5.02). All graph data are shown as 
mean values, while error bars represent S.E.M. Statistical 
analysis was performed using either two-tailed unpaired 
t-test, one-way ANOVA and Tukey’s Multiple Compari-
son Test or regular two-way ANOVA test (Bonferroni 
post-test), with 95% confidence interval.

Results
LD2‑LD4 directly interacts and effectively displaces 
both FAK and PYK2 from FAs
We previously generated a peptide that consisted of the 
LD2 (aa139 - 162) and LD4 (aa262 - 279) motifs of Pax-
illin linked via a synthetic, flexible linker composed of 
6X GGGGS motifs (30aa) and fused to Green Fluo-
rescent Protein (GFP) via a short stretch of 8 Glycines 
(GGG​GGG​GG) [31] (Fig.  1A). Expression of LD2-LD4 
prevented FAK localization at FAs by competing with 
endogenous Paxillin for FAK binding [31]. PYK2 is also 
involved in cell migration, cancer development and 
metastasis and can compensate for the loss of FAK [21, 
22]. PYK2, like FAK, interacts with Paxillin through the 
binding of its FAT domain to the LD2 and LD4 motifs 
[18], raising the possibility that LD2-LD4 expression 
could also target PYK2, establishing this approach as the 
sole dual-function, dual-target strategy, targeting both 
enzymatic and scaffolding functions of both proteins at 
the same time. We thus used lentiviral transduction to 
generate stable cell lines expressing GFP fused LD2-LD4, 
under the control of a tetracycline-dependent promoter 
[36], which allows inducible expression upon addition of 
doxycycline. We first generated stable FAK null (FAK−/−) 
fibroblasts inducibly expressing either GFP fused LD2-
LD4 (hereunto referred to as ‘FAK−/−-LD2-LD4’) or 
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GFP only (hereunto referred to as ‘FAK−/−-GFP’) (Addi-
tional file 1: Fig. S1A). FAK null fibroblasts are ideal for 
the investigation of the impact of LD2-LD4 expression 
directly on endogenous PYK2’s FA localization, expres-
sion and downstream targeting, given PYK2’s elevated 
expression in these cells [37], as well as the absence of 
possible secondary effects emanating from the displace-
ment of FAK from FAs. In addition, use of FAK null 
fibroblasts eliminates complications stemming from the 
cross reactivity of antibodies, especially phospho-specific 
ones, against FAK and PYK2.

We initially examined whether LD2-LD4 would 
directly interact with PYK2, in co-immunoprecipitation 
experiments performed using FAK null fibroblasts. As 
depicted in Fig. 1B, the LD2-LD4 peptide interacts with 
PYK2 as expected, raising the possibility that expression 
of LD2-LD4 could potentially displace PYK2 from FAs. 
Using indirect immunofluorescence and staining against 
PYK2 and Vinculin, as an FA marker previously shown to 
be unaffected by the expression of LD2-LD4 [31], we here 
show that induction of LD2-LD4 effectively displaces 
PYK2 from these complexes in FAK null fibroblasts 
(P < 0.0001) (Fig.  2A, Additional file  1: Fig. S1B). Given 

the impact of LD2-LD4 on PYK2 localization, we then 
wanted to determine whether LD2-LD4 expression could 
potentially inhibit kinase-dependent functions of PYK2 
as effectively as it inhibited FAK kinase activity. Tyrosine 
402 (Y402) in PYK2 is analogous to Y397 in FAK and thus 
serves as the primary autophosphorylation site [38]. Spe-
cifically, it provides a docking site for the SH2 domain of 
c-Src and leads to phosphorylation of PYK2 at Y579 and 
Y580 in the kinase domain activation loop [38, 39]. As 
demonstrated, upon LD2-LD4 expression, phosphoryla-
tion of Y402 is dramatically reduced in LD2-LD4 express-
ing cells compared to adjacent control cells (P < 0.0001) 
(Fig.  2B, Additional file  1: Fig. S1C). Given the inability 
to ensure that the phospho-specific PYK2 antibody only 
detected phosphorylated tyrosines on PYK2, we repeated 
the above-described experimental set-up using induced 
and uninduced FAK null cells, followed by Western Blot 
application, and confirmed a significant drop of PYK2 
phosphorylation upon LD2-LD4 expression (GFP com-
pared to + DOX: P = 0.0030; -DOX compared to + DOX: 
P = 0.0039) (Fig. 2C). The above data therefore show that 
LD2-LD4 expression leads to effective displacement of 
PYK2 from FAs and inhibition of its kinase activity.

Fig. 1  PYK2 immunoprecipitation from FAK null cells either inducibly expressing GFP-LD2-LD4 or not (control). A Schematic illustration 
of the LD2-LD4 peptide structure. B Western blot analysis following co-immunoprecipitation assay, showing interaction between LD2-LD4 
and endogenous PYK2 in FAK null cells. PYK2 was immunoprecipitated from FAK null cells either inducibly expressing GFP-LD2-LD4 or not (control). 
Membranes were blotted for PYK2 (upper panel) and GFP (lower panel). PYK2 co-precipitation was observed only in cells inducibly expressing 
GFP-LD2-LD4. FT: flowthrough, IP: Immunoprecipitation



Page 9 of 27Christoforou et al. Cell Communication and Signaling          (2025) 23:231 	

Next, we investigated the impact of LD2-LD4 expres-
sion on PYK2’s FA localization and activation in cells that 
express high levels of both FAK and PYK2. While both 
FAK and PYK2 are ubiquitously expressed, PYK2 usu-
ally displays low expression in most cell types, with the 
exception of hematopoietic and neuronal tissues [18, 40]. 
Since FAK also displays elevated expression in neuronal 
cells [41], we generated stable U-118 MG human glio-
blastoma cells that inducibly express GFP fused LD2-LD4 
(hereunto referred to as ‘U-118 MG-LD2-LD4’) to exam-
ine the effects of LD2-LD4 expression on both endoge-
nous FAK and PYK2 (Additional file 1: Fig. S2A).

As shown in Fig.  3A, using anti-FAK and anti-PYK2 
specific antibodies  [rat anti-FAK  (BioLegend, #694002) 
and rabbit anti-PYK2 (Invitrogen, #700183)] (Additional 
file  1: Fig. S2B), both endogenous FAK and PYK2 are 
effectively displaced from FAs in U-118 MG-LD2-LD4 
expressing cells (FAK, PYK2: P < 0.0001) (and Additional 
file 1: Fig. S2C, S2D), upon LD2-LD4 expression. More-
over, expression of LD2-LD4 also lead to a significant 
reduction in the phosphorylation of Y397 (Fig.  3B) and 
Y402 (Fig.  3C), the major autophosphorylation sites of 
FAK and PYK2 respectively, indicating that it effectively 
blocks the kinase activity of both proteins simultaneously 
(FAK: P < 0.01; PYK2: P < 0.001). Collectively, our data 
show that LD2-LD4 efficiently targets and inhibits both 
kinases at the same time.

LD2‑LD4 inhibits both FAK and PYK2 and reduces 
the proliferation of MDA231‑LM2‑4175 breast 
adenocarcinoma cells
FAK has been shown to exert a critical role in breast 
cancer initiation, progression and metastasis [42]. PYK2 
is also aberrantly expressed in breast cancer and several 
studies have shown that, similar to FAK, aberrant expres-
sion of PYK2 promotes breast cancer cell proliferation, 
migration, invasion, metastasis, and chemo-resistance 
[43]. We have previously shown that LD2-LD4 expres-
sion efficiently blocked FAK’s enzymatic and scaffold-
ing functions, leading to inhibition of cell migration and 
tumor cell invasion in  vitro, using the MDA-MB-231 

breast adenocarcinoma cell line [31]. In this work, 
we further show that LD2-LD4 expression was effec-
tive in simultaneously inhibiting the kinase activity of 
both FAK and PYK2. Thereby, we wanted to examine 
the potential of this approach in  vivo, in a breast can-
cer preclinical mouse model. However, and in agree-
ment with previous reports [44], both our in  vitro and 
in  vivo experiments using MDA-MB-231 cells express-
ing GFP-fused LD2-LD4, under a doxycycline inducible 
promoter, and control GFP expressing cells (hereunto 
referred to as ‘MDA-LD2-LD4’ and ‘MDA-GFP’, respec-
tively), indicated that doxycycline alone had a strong 
antiproliferative effect on these cells making them a poor 
choice for exploring this strategy in  vivo (Additional 
file 1: Fig. S3A-S3C). Specifically, no significant difference 
was observed between the proliferation rate of MDA-
GFP + dox control cells and MDA-LD2-LD4 + dox cells 
in  vitro (P = 0.3798) (Additional file  1: Fig. S3B. Addi-
tionally, mice injected with MDA-GFP cells and treated 
with doxycycline were unable to grow tumors larger than 
0.5 mm3, in comparison with non-treated mice which 
developed tumors with maximum volume 7.8 mm3 in 
31 days (Additional file  1: Fig. S3C). We thus turned to 
a derivative cell line, MDA231-LM2-4175 cells (here-
unto referred to as ‘LM2’), established from the paren-
tal MDA-MB-231 cell line after 3 passages in nude mice 
and shown to have a higher metastatic potential than the 
parental line, especially for forming lung metastasis [45]. 
Importantly, as shown in Fig.  4, LM2 cells do not dis-
play any sensitivity to doxycycline in vitro (Fig. 4A, B) or 
in vivo (Additional file 1: Fig. S4B-S4E, S5A-S5B), unlike 
the parental line. LM2 cells were thus selected for all 
subsequent experiments including xenografts. We gen-
erated LM2 cells expressing either GFP alone (as a con-
trol) (hereunto referred to as ‘LM2-GFP’) or GFP fused 
to LD2-LD4 under a doxycycline inducible promoter 
and selected specific clones with high GFP expression, 
in order to derive cells that uniformly express high lev-
els of LD2-LD4 (hereunto referred to as ‘LM2-LD2-LD4’) 
(Additional File 1: Fig. S4A). We subsequently examined 
the impact of LD2-LD4 expression on LM2 proliferation 

(See figure on next page.)
Fig. 2  LD2-LD4 effectively displaces PYK2 from FAs and reduces phosphorylation of Y402. A, B Representative super-resolution images of FAK null 
cells (GFP-LD2-LD4 expressors and non-expressors) immunostained for GFP, PYK2 and Vinculin (A) or pY402_PYK2 and Vinculin (B). Yellow arrows 
point to FAs of GFP negative cells, and white arrows point to FAs of GFP positive cells. Expression of PYK2 and pY402_PYK2 is presented as intensity 
color-coded images, in zoom-in panels. LD2-LD4 effectively displaces PYK2 from FAs and reduces Y402 phosphorylation of PYK2 at FAs in expressors. 
Scale bars: 10 μm. C Western Blot and quantification indicating the phosphorylation status of PYK2 Y402, in FAK null cells, either inducibly expressing 
LD2-LD4 or not (control) and GFP control cells. Quantification of the mean ratio of phosphorylated PYK2 over total PYK2, using two-tailed unpaired t 
test, shows reduction of Y402 phosphorylation, upon LD2-LD4 induction. The mean ratio is 1.053 ± 0.05239 for GFP expressing cells, 1.017 ± 0.05207 
for uninduced LD2-LD4 cells and 0.5767 ± 0.05207 for induced LD2-LD4 expressing cells (N = 3 independent experiments). LD2-LD4 expression 
does not affect total PYK2 expression levels. The mean ratio is 1.033 ± 0.07688 for GFP expressing cells, 1.030 ± 0.1253 for uninduced LD2-LD4 
cells and 1.110 ± 0.1168 for induced LD2-LD4 expressing cells (N = 3 independent experiments). SEM is represented by error bars. **: P < 0.01, ns: 
not significant
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in vitro. As shown LD2-LD4 expression led to a signifi-
cant reduction of LM2 cell proliferation (P < 0.001) when 
peak LD2-LD4 expression levels were reached (DAY 6) 

and dramatic change in cell morphology the day after 
with a large percentage of cells rounding up (Fig. 4B, C).

We then proceeded to examine how localiza-
tion of FAK and PYK2 in LM2 cells was affected by 

Fig. 2  (See legend on previous page.)
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doxycycline-inducible expression of LD2-LD4, using 
immunofluorescence. As shown in Fig.  5A, doxycy-
cline-induced expression of LD2-LD4 in LM2 cells lead 
to effective displacement of FAK from FAs. Given the 
low levels of PYK2 at FAs of these cells, we transiently 
expressed mScarletI-PYK2 in LM2 cells, to help better 
visualize the impact of LD2-LD4 expression on PYK2 
localization. As shown in Fig.  5B, transiently expressed 
PYK2 is effectively displaced from FAs, upon LD2-LD4 
induction. We further evaluated the impact of LD2-LD4 
on PYK2’s localization at FAs, using live-cell imaging. 
Specifically, we transiently expressed mRuby-PYK2 in 
LM2-LD2-LD4 cells and we verified PYK2’s displace-
ment in doxycycline-induced cells (Additional file 1: Fig. 
S6A). Additionally, we confirmed the impact of LD2-
LD4 expression on PYK2 levels at FAs biochemically. As 
shown in Additional file 1: Fig. S6B, LD2-LD4 leads to a 
significant reduction of PYK2 association with FAs.

Importantly, LD2-LD4 expression did not affect FA 
localization of other core proteins, including Vinculin 
(Fig.  5A, B), Paxillin (Additional file  1: Fig. S7A), ILK 
(Additional File 1: Fig. S7B), and Talin (Additional file 1: 
Fig. S7C), establishing the specificity of FAK/PYK2 tar-
geting. In addition, LD2-LD4 expression reduced the 
phosphorylation levels of FAK tyrosine 397 (Additional 
file  1: Fig. S8A), but also the phosphorylation levels of 
downstream targets of FAK, such as Paxillin (Additional 
file 1: Fig. S8B, S8C) and total tyrosine phosphorylation 
at FAs (Additional file 1: Fig. S8D). Collectively, the data 
shows that LD2-LD4 expression leads to dual inhibition 
of both FAK and PYK2 in LM2-LD2-LD4 cells.

Given this result, and as reported in Fig.  6A, we 
used co-IP experiments and further validated that the 
observed inhibition was due to direct interaction of 
the LD2-LD4 peptide with the FAK and PYK2 kinases. 
Additionally, biochemical analysis confirmed that the 
induction of LD2-LD4 in LM2-LD2-LD4 cells did not 
affect FAK (P = 0.9140) (Fig.  6B) or PYK2 (P = 0.8452) 
(Fig.  6C) expression, but lead to a significant reduction 

of the phosphorylation of FAK (Y397) (GFP compared 
to + DOX: P = 0.0026; -DOX compared to + DOX: 
P = 0.0027) (Fig.  6D), PYK2 (Y402) (GFP compared to 
+ DOX: P = 0.0007; -DOX compared to + DOX: P = 
0.0005) (Fig.  6E), and Paxillin (Y31) (GFP compared 
to + DOX: P = 0.0068; -DOX compared to + DOX: P = 
0.0011) (Fig. 6F). Therefore, the data show that this is a 
dual inhibitor approach, that effectively blocks activa-
tion of both FAK and PYK2, as well as their downstream 
signaling from FAs. Given that FAK binds to p53 in the 
nucleus and leads to a reduction of p53 levels [9], we 
also investigated the impact of LD2-LD4 expression 
on p53. Our results show that there is no significant 
change of p53 protein levels upon LD2-LD4 induction in 
LM2-LD2-LD4 cells (P = 0.6574) (Additional file  1: Fig. 
S9A).

LD2‑LD4 expression inhibits tumor cell migration 
and invasion in vitro
The above data show that LD2-LD4 expression displaces 
both FAK and PYK2 from the FAs of LM2 cells, prevent-
ing their activation and subsequent phosphorylation of 
downstream targets. We therefore wanted to examine 
the functional implications of this approach related to 2D 
cell migration and 3D cell invasion. As shown in Fig. 7, 
LD2-LD4 expression significantly inhibits cell migra-
tion of LM2 cells, in addition to inhibiting cell growth 
and viability (Fig. 4A, B). Specifically, LD2-LD4 express-
ing cells manifested shorter track displacement lengths 
(P < 0.0001) (Fig. 7B) and moved at a reduced speed (P < 
0.0001), compared to uninduced cells (Fig. 7C). In addi-
tion, we performed scratch-wound assay utilizing the 
LM2-LD2-LD4 cells (Fig. 7D, E), showing that LD2-LD4 
expression is dramatically inhibiting cell migration and 
the ability of LM2 cells to close the wound (P < 0.0001). 
To ensure these results are not specific to the LM2 cell 
line, we performed 2D cell migration using two addi-
tional metastatic triple negative breast cancer cell lines, 
SUM149 and SUM159 [46]. As shown in Additional file 1: 

Fig. 3  LD2-LD4 efficiently targets and inhibits both FAK and PYK2, simultaneously. A Representative super-resolution images of a mixed-cell 
population (GFP-LD2-LD4 expressors and non-expressors) of U-118 MG cells immunostained for GFP, PYK2, FAK and Vinculin. Expression of PYK2 
and FAK are presented as intensity color-coded images, in zoom-in panels. Yellow arrows point to FAs of GFP negative, and white arrows point 
to FAs of GFP positive cells. Expression of LD2-LD4 effectively displaces both endogenously expressed FAK and PYK2 from FAs. Scale bars: 10 μm. B, 
C Western Blot and quantification indicating the phosphorylation status of FAK Y397 (B) and PYK2 Y402 (C), in stable U-118 MG cells either inducibly 
expressing LD2-LD4 or not (control). Quantification of the ratio of (B) phosphorylated FAK over total FAK (mean ratio is 0.9600 ± 0.01155 
for uninduced LD2-LD4 and 0.6900 ± 0.03055 for induced LD2-LD4 expressing cells), as well as (C) phosphorylated PYK2 over total PYK2 (mean ratio 
is 0.7200 ± 0.01528 for uninduced LD2-LD4 and 0.4333 ± 0.01453 for induced LD2-LD4 expressing cells) (N = 3 independent experiments). LD2-LD4 
induction results in reduced phosphorylation of Y397 and Y402 sites on FAK and PYK2, respectively. LD2-LD4 expression does not affect total PYK2’s 
or FAK’s total expression levels. B The mean ratio is 1.360 ± 0.02656 for uninduced LD2-LD4 cells and 1.477 ± 0.1217 for induced LD2-LD4 expressing 
cells (N = 3 independent experiments). C The mean ratio is 0.9500 ± 0.03606 for uninduced LD2-LD4 cells and 0.9100 ± 0.03786 for induced LD2-LD4 
expressing cells (N = 3 independent experiments). SEM is represented by error bars. **: P < 0.01, ***: P < 0.001

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. S9B-S9E, LD2-LD4 expression has a similar impact 
on both cell lines confirming that the peptide inhibitory 
activity on cell migration is not specific to LM2 cells.

We went on to address the impact of LD2-LD4 expres-
sion on tumor cell invasion utilizing a modified collagen 
invasion assay developed by our group, that accurately 
mimics the tumor microenvironment [35]. Invasion 
efficiency of induced LM2-LD2-LD4 cells compared to 
uninduced was quantified using static pictures, and as 
shown in Fig. 8A-D, LD2-LD4 induction led to approxi-
mately sixfold reduction of the invasive capacity of these 
cells (P < 0.0001). Additionally, we generated spheroids 
using the LM2-LD2-LD4 cells, verifying LD2-LD4 inhibi-
tory effects on tumor cell invasion (Fig. 8E, F).

LD2‑LD4 expression has a dramatic impact on tumor 
progression and metastasis in vivo
At the molecular level, expression of LD2-LD4 led to 
displacement of both FAK and PYK2 from FAs. The 
functional implications of this displacement were the 
inhibition of LM2 cell proliferation, migration and inva-
sion in vitro. We therefore wanted to investigate the anti-
tumor and anti-metastatic potential of this approach in 
a preclinical setting, since this inhibitory strategy had 
never been tested in vivo. Given that we confirmed that 
MDA231-LM2-4175 cell tumor growth and metastatic 
potential are not affected by doxycycline, we used LM2 
cells with doxycycline-inducible expression of LD2-LD4 
in a xenograft mouse model and examined inhibition of 
tumor establishment, growth, and metastasis. We ortho-
topically injected immunocompromised NOD/SCID mice 
with 2 × 106 LM2-LD2-LD4 cells in the left mammary fat 
pad that were either a) pre-induced to express LD2-LD4 
using doxycycline ex  vivo for 6  days prior to tumor cell 
injection (‘PRE-INDUCED’ group), or induced to express 
LD2-LD4 via doxycycline containing food pellets (0.625 
g/kg) in vivo, starting either (b) on the day of tumor cell 
injection (‘DOX DAY 0’ group) (prophylactic treatment) 
or c) 7 days post tumor cell injection (‘DOX DAY 7’ group) 
(therapeutic treatment) or d) not induced to express LD2-
LD4 at any point (‘-DOX’ control group) (Fig. 9A).

Collectively, data from three independent preclini-
cal experiments showed that LD2-LD4 expression can 
inhibit tumor growth (Fig.  9B-D). As shown in Fig.  9C, 
the earlier the time of induction of LD2-LD4 expression 
the slower the rate of orthotopic tumor growth. Pre-
induction of LD2-LD4 6 days prior to tumor cell injection 
resulted in tumors that were unable to grow even 5 weeks 
post-injection (sixfold reduction in tumor volume com-
pared to control group, P < 0.001 and threefold compared 
to prophylactic and therapeutic treatment, P < 0.001). 
Prophylactic and therapeutic treatments were not as 
effective as pre-induction, yet they both equally delayed 
tumor growth significantly (1.6-fold reduction in tumor 
volume compared to control group; P < 0.001). Moreo-
ver, as shown in Fig.  9D, there was a clear difference in 
orthotopic tumor volume, with pre-induction result-
ing in markedly smaller tumors compared to all other 
treatments (18-fold reduction in tumor volume com-
pared to control tumors, P < 0.0001; ninefold compared 
to therapeutic treatment, P < 0.0001; sixfold compared 
to prophylactic treatment, P = 0.0007). Prophylactic 
and therapeutic treatment also resulted in significantly 
smaller in size tumors compared to the control group 
(therapeutic treatment: twofold reduction in tumor 
volume compared to control, P = 0.0004; prophylactic 
treatment: threefold reduction compared to control, P = 
0.0002). Overall, it was clear that LD2-LD4 expression 
had a significant impact on orthotopic tumor growth.

We then evaluated the in  vivo efficacy of LD2-LD4 
against metastasis in the above-described mice groups. 
LD2-LD4 expression clearly suppressed metastasis of 
LM2 cells in  vivo, nearly abolishing the appearance of 
metastatic tumors, in an expression time-dependent 
manner; the earlier the time of induction the greater 
the inhibition of lung metastasis and the fewer the 
metastatic foci detected, similarly to orthotopic tumor 
growth (Figs. 9 and 10). More specifically, mice injected 
with pre-induced LM2-LD2-LD4 cells or induced on 
Day 0 (prophylactic treatment) failed to develop metas-
tasis in the abdominal region and metastatic foci in the 
lungs were non-existent or minimal, upon macroscopic 

(See figure on next page.)
Fig. 4  LD2-LD4 expression suppresses the proliferation of LM2 cells. A, B Representative microscope fields and growth curves 
of MDA231-LM2-4175 (LM2) cells and stable LM2 cells inducibly expressing LD2-LD4. Smaller images in 4th panel are showing GFP expression 
of induced LM2-LD2-LD4 cells. LM2 cells are not doxycycline sensitive. LD2-LD4 expression significantly inhibits LM2 cell growth and viability, 6 days 
post doxycycline induction. Scale bars: 100 μm. Regular two-way ANOVA test (Bonferroni post-test) was used for multiple group comparison. SEM 
is represented by error bars. ***: P < 0.001. C GFP mean intensity graph showing LM2-LD2-LD4 GFP expression levels upon addition and removal 
of doxycycline. Two-tailed unpaired t test was used for the quantification of GFP levels of induced LM2-LD2-LD4 cells between two consecutive 
days (DAY0 compared to DAY1: P*** < 0.0001, DAY1 compared to DAY2: P*** < 0.0001, DAY2 compared to DAY3: P*** 0.0004, DAY3 compared 
to DAY4: P*** 0.0005, DAY4 compared to DAY5: P*** < 0.0001, DAY5 compared to DAY6: P 0.3898, DAY6 compared to DAY7: P 0.5457, DAY7 
compared to DAY8: P *** < 0.0001, DAY8 compared to DAY9: P 0.7945, DAY9 compared to DAY10: P *** < 0.0001, DAY10 compared to DAY11: P 
0.6846, DAY11 compared to DAY12: P *** < 0.0001. N = total 2255 cells. SEM is represented by error bars. ns: not significant
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observation (Fig.  9B, E, F), whereas mice injected with 
LM2-LD2-LD4 cells induced on Day 7 (therapeutic treat-
ment) were found to have metastasis in the abdominal 

region, and metastatic foci in the lungs. These were fewer 
than the control group, however clearly present unlike 
the pre-induced group. This result was confirmed by 

Fig. 4  (See legend on previous page.)
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quantification performed on multiple lung sections fol-
lowing chromogenic immunohistochemistry (Fig.  10A), 
demonstrating significantly reduced pulmonary metas-
tasis in all three groups of mice injected with LM2 cells 
expressing LD2-LD4 (either pre-induced or induced on 
Day 0 or Day 7) in comparison to control mice (thera-
peutic treatment: 3.3-fold reduced pulmonary metastasis 
compared to control, P < 0.0001; prophylactic treatment: 
16.6-fold reduced pulmonary metastasis compared to 
control, P < 0.0001; pre-induction: 73.8-fold reduced 
pulmonary metastasis compared to control, P < 0.0001) 
(Fig.  10C). Interestingly, the three LD2-LD4-expressing 

groups also demonstrated significant differences 
between them (pre-induction had 4.4-fold less metas-
tasis compared to prophylactic treatment, P = 0.0001, 
and 22.7-fold less metastasis compared to therapeutic 
treatment, P < 0.0001; prophylactic treatment had 5.1-
fold less metastasis compared to therapeutic treatment, 
P < 0.0001) (Fig.  10C). Importantly, using fluorescent 
immunohistochemistry, we showed that metastatic foci 
(from both lungs and abdominal region) of mice express-
ing LD2-LD4 contained mAb13 + GFP- cells (mAb13 
serves as a marker indicating cells of human origin) 
(Figs. 10B and 11B, Additional file 1: Fig. S5C), while the 

Fig. 5  LD2-LD4 effectively displaces both FAK and PYK2 from FAs, in LM2 cells. A, B Representative confocal images of LM2 cells inducibly 
expressing LD2-LD4, immunostained for FAK (A) and Vinculin (A, B). B LM2-LD2-LD4 cells were transiently transfected with mScarletI-PYK2 construct 
prior to LD2-LD4 induction. Yellow arrows point to FAs of control cells and white arrows point to FAs of LD2-LD4 expressing cells. Dashed white 
rectangles indicate zoomed-in areas, shown in the panels of the last (right-most) column. LD2-LD4 effectively displaces both FAK and PYK2 
from FAs. Scale bars: 10 μm
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respective orthotopic tumors contained mAb13 + GFP 
+ cells (Fig.  11B), unlike metastatic foci and orthotopic 
tumors from the control GFP groups which both con-
tained only mAb13 + GFP + cells (Fig.  11A, Additional 
file 1: Fig. S5A-D). The loss of GFP expression from the 
metastatic foci from LD2-LD4 induced mice shows that 
LD2-LD4 expression dramatically inhibits metastasis, 
and its expression must be turned off for metastasis to 

take place. It also suggests that the differences observed 
between pre-induced, therapeutic and prophylactic treat-
ments in terms of impact on metastasis likely stem from 
greater expansion of the tumor cells in the therapeutic 
treatment group prior to LD2-LD4 expression, which 
allows a larger number of tumor cells to shut down LD2-
LD4 expression. These results clearly show that expres-
sion of LD2-LD4 severely impairs the in  vivo ability of 

Fig. 6  LD2-LD4 is efficiently targeting and inhibiting both FAK and PYK2 in LM2 cells. A Western Blot following an immunoprecipitation assay, 
showing LM2 cells either inducibly expressing GFP-LD2-LD4 or not (control), precipitated with anti-GFP and blotted for PYK2 (upper lane), 
FAK (middle lane) and GFP (lower lane). PYK2 and FAK are shown to directly interact with LD2-LD4. FT: Flowthrough, IP: Immunoprecipitation. 
B-F Representative Western Blot membranes and quantification, using LM2 cells stably expressing GFP or inducibly expressing LD2-LD4, show 
that LD2-LD4 expression does not affect (B) FAK or (C) PYK2 expression levels, but leads to a reduction in FAK phosphorylation on Y397 (D), PYK2 
phosphorylation on Y402 (E) and Paxillin phosphorylation on Y31 (F). Graphs: Two-tailed unpaired t test was used for the quantification of (B) 
total FAK levels over GAPDH (mean ratio is 1.093 ± 0.1073 for uninduced and 1.107 ± 0.04410 for LD2-LD4 expressing cells), (C) total PYK2 levels 
over β-actin (mean ratio is 0.5381 ± 0.1197 for uninduced and 0.5062 ± 0.09544 for LD2-LD4 expressing cells) (D) total FAK Y397 levels over GAPDH 
(mean ratio is 0.9767 ± 0.07126 for GFP, 0.9500 ± 0.06506 for uninduced and 0.4000 ± 0.0500 for LD2-LD4 expressing cells) (E) total PYK2 Y402 levels 
over actin (mean ratio is 0.8733 ± 0.04333 for GFP, 0.8700 ± 0.03464 for uninduced and 0.3200 ± 0.04041 for LD2-LD4 expressing cells) and (F) total 
Paxillin Y31 levels over α-tubulin (mean ratio is 1.133 ± 0.1286 for GFP, 0.9233 ± 0.05364 for uninduced and 0.4733 ± 0.003333 for LD2-LD4 expressing 
cells), N = 3 independent experiments. SEM is represented by error bars. **: P < 0.01, ***: P < 0.001, ns: not significant
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MDA231-LM2-4175 tumor cells to grow orthotopically 
and metastasize. This outcome provides strong support 
for the potential of LD2-LD4 as a promising therapeu-
tic approach against cancer, thus raising the possibility 
for the design and generation of effective small-molecule 
dual FAK/PYK2 inhibitors to prevent metastasis.

A single LD motif can displace FAK and PYK2 from focal 
adhesions
The cooperative binding of paxillin’s LD2 and LD4 motifs 
to the FAT domain of FAK is crucial for forming a stable 
complex, with both motifs required to engage simultane-
ously for effective interaction [47]. The individual binding 

Fig. 7  LD2-LD4 expression inhibits tumor cell migration in vitro. A Live-cell time-lapse analysis, using automated tracking of the motion path 
of each cell over time, indicates that expression of LD2-LD4 dramatically inhibits cell migration of LM2 cells. Scale bars: 100 μm. B, C Quantification 
of mean track displacement length (um) (B) and mean track speed (um/sec) (C) of LM2 cells expressing LD2-LD4 or not (control), using 
two-tailed unpaired t test. The mean track displacement length of uninduced control cells is 24.28 ± 0.3385 and for induced cells is 13.79 
± 0.1833. The mean track speed of uninduced control cells is 0.007854 ± 7.135e- 005 and for induced cells is 0.003176 ± 7.496e- 005. N = 3816 
control, 3876 induced cells, N = 3 independent experiments. SEM is represented by error bars. ***: P < 0.0001. D, E Scratch-wound assay utilizing 
the LM2-LD2-LD4 cells (induced and uninduced) showing that LD2-LD4 expression is dramatically inhibiting cell migration. Smaller panels show 
GFP expression. Two-tailed unpaired t test was used for the quantification of the mean % wound closure (for uninduced control cells is 70.15 ± 3.292 
and for induced cells is 0.5983 ± 0.1229). N = 3 independent experiments. SEM is represented by error bars. ***: P < 0.0001
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affinities of LD2 and LD4 motifs to the FAT domain are 
relatively weak. However, when both LD motifs bind 
simultaneously, they form a more stable and higher-affin-
ity complex [48, 49]. We have previously shown that the 
LDs as monomers fail to displace FAK from focal adhe-
sions [31] (Additional file  1: Fig. S10), while as dimers 
(LD2-LD2 and LD4-LD4) can effectively displace FAK 
[31], suggesting that a single molecule with sufficiently 
high affinity for a HP could potentially be used to target 
both HPs on the FAT domain. Mimicking the coopera-
tive binding of LD2 and LD4 with a single small molecule 
presents a significant challenge given that the binding 
sites for LD2 and LD4 on the FAT domain are located on 
opposite sides, requiring a molecule with a large span to 
bridge the distance. This is difficult to achieve with con-
ventional small molecules. We thus set out to ask if a sin-
gle LD motif with sufficiently high affinity could mimic 
LD dimers. Given evidence that the linker regions have 
been shown to contribute to the affinity of the LD motif 
interactions with the FAT domain [50] and that LD3 does 
not bind the HPs [51, 52], we initially generated LD2-LD3 
and LD3-LD4 constructs to examine if any of these could 
effectively achieve FAK displacement. Both constructs 
were able to displace FAK (Fig.  12A, B) suggesting that 
the linker regions do confer increased affinity to LD2 
and LD4, and that a single LD could potentially be used 
to displace FAK from FAs. Despite evidence that LD3 
does not bind the HPs when LD2 and LD4 are present 
[51, 52], it is possible that when only LD2 or only LD4 is 
present it does. To confirm that a single LD motif is suffi-
cient we went ahead and deleted the LD3 motif from the 
LD3-LD4 construct and generated Linker(3–4)-LD4 con-
struct. Although the affinity of LD4 for the HPs is lower 
than that of LD2, we opted for Linker(3–4)-LD4, since 
the Linker(3–4) is smaller than the one between LD2 and 
LD3 leading to the generation of a smaller peptide (LD2-
LD3 linker: 51aa, LD3-LD4 linker: 28aa). As shown in 
Fig. 12, this construct can effectively displace FAK from 
FAs (Fig. 12C) and inhibits the phosphorylation of both 
FAK Tyrosine 397 and 576 (Fig.  12D and E). Linker(3–
4)-LD4 is also effectively displacing PYK2 similarly to 
FAK (Fig.  13), and inhibits the autophosphorylation of 

PYK2 on Tyrosine 402 at focal adhesions (Additional 
file 1: Fig. S11 A). In addition, its expression significantly 
inhibits MDA-MB-231 cell migration (P < 0.0001) and 
LM2 cell invasion in 3D-spheroid assays (P < 0.0001) (Fig. 
S11B, C, D). These data show that a single LD motif with 
high affinity can displace both FAK and PYK2 from FAs 
and inhibit their activity. Linker(3–4)-LD4 is the short-
est polypeptide we have tested (46aa) that can effectively 
inhibit both FAK-related kinases and well within the size 
range of solid phase peptide synthesis (SPPS). It also sug-
gests that a small molecule with high affinity for the HPs 
could be developed and effectively displace FAK and 
PYK2.

Discussion
FAK and its closely related paralogue PYK2 are key 
regulators of tumorigenesis, tumor progression and 
metastasis, since they both regulate tumor cell survival, 
proliferation, spreading, migration, invasion, and chemo-
resistance, and have been previously associated with 
poor prognosis [2, 18]. In the present study, we evaluated 
a novel strategy for the inhibition of both FAK and PYK2 
in a xenograft mouse model, as a therapeutic approach 
against tumor progression and metastasis. The strategy 
relies on the use of a short peptide, containing the LD2 
and LD4 motifs of Paxillin (LD2-LD4 peptide), that com-
petes with interactions taking place between endogenous 
LD motifs and hydrophobic pockets on the kinases’ 
FAT domains, thus leading to the displacement of both 
kinases from FAs [31].

We have previously shown that expression of LD2-LD4 
not only led to a dose-dependent elimination of endog-
enous FAK from FAs, but also inhibited FAK/Src sign-
aling at FAs and resulted in reduced phosphorylation of 
downstream FAK targets [31]. Therefore, expression of 
LD2-LD4 was shown to effectively interfere with interac-
tions taking place at the HPs of the FAT domain of FAK 
and was found to be sufficient to block both FA-related 
kinase and scaffolding functions of FAK, known to pro-
mote cancer progression and metastasis [25, 26, 31]. 
Intriguingly, it was shown that the LD2 and LD4 motifs 
of Paxillin also interact with the FAT domain of PYK2 

(See figure on next page.)
Fig. 8  LD2-LD4 expression inhibits tumor cell invasion in vitro. A Imaging of LM2-LD2-LD4 cell invasion in a modified chamber gel invasion assay 
device at DAY0 and DAY13. LD2-LD4 inhibits tumor cell invasion. B-D Quantification of invading distance of LM2-LD2-LD4 cells [induced (+ dox) 
and control (-dox)], using static images obtained at days 5, 8 and 13 respectively, using two-tailed unpaired t test. B On day 5, the mean distance 
length of uninduced cells is 429.2 ± 41.40 and for induced cells is 235.2 ± 26.68. C On day 8, the mean distance length of uninduced cells is 1227 
± 66.11 and for induced cells is 494.3 ± 55.75. D On day 13, the mean distance length of uninduced cells is 3282 ± 223.5 and for induced cells 
is 574.9 ± 55.22. N = 3 independent experiments. SEM is represented by error bars. **: P value < 0.01, ***: P value < 0.0001. E, F Images obtained 
on DAY1, DAY4, DAY6 and DAY8 showing control LM2-LD2-LD4 spheroids displaying increased invasion, compared to induced LM2-LD2-LD4. Graph: 
Quantification of spheroid diameter, using regular two-way ANOVA test (Bonferroni post-test) for multiple group comparison. N = 6 spheroids 
per group. SEM is represented by error bars. *: P < 0.05, ***: P < 0.001. ns: not significant
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Fig. 8  (See legend on previous page.)
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[50, 53]. FAK and PYK2 are involved in overlapping sign-
aling pathways, implicated in the development of tumor 
malignancy; PYK2 is upregulated upon deletion or inhi-
bition of FAK to compensate for the loss of FAK activity 
[17, 21, 22]. More specifically, when FAK is knocked out, 
PYK2 increases RHO GTPase activation, facilitates angi-
ogenesis and regulates macrophage motility and tumo-
rigenic outgrowth [1, 10, 22]. In addition, FAK-specific 
inhibitors that are not dual inhibitors, have been shown 
to enhance PYK2 tyrosine phosphorylation in endothe-
lial cells [10], indicating that PYK2 activity could poten-
tially weaken the impact/effect of such inhibitors. In this 
work, we show that expression of the LD2-LD4 peptide 
efficiently targets and completely displaces PYK2 from 
FAs, even though Paxillin is not PYK2’s native binding 
partner and their interaction has been reported to be 
unstable [50, 53]. This result may be supported by recent 
molecular dynamics simulations of LD motif recognition 
by FAT domains, using short (12-residue) peptide seg-
ments, that revealed a preference of Paxillin LD motifs 
for PYK2 over FAK [54]. Physiologically, this might not 
be observed, since FAT domains do not interact with 
isolated LD motifs but form complexes with full length 
Paxillin, which includes LD-motif flanking regions; 
these may alter binding affinities and lead to preferen-
tial association with FAK rather than PYK2. However, 
our approach employs a simple peptide which does not 
contain flanking regions, thus it should be able to bind 
the FAT domain of PYK2 with an equal affinity as that of 
FAK, if not better.

In comparison to FAK, PYK2 is not as strongly local-
ized at FAs in most cell types [18]. This observation is 
most likely not due to a lower affinity for Paxillin but 
rather due to the ability of the FAK FERM domain to bind 
PIP2 and increase local concentration of FAK at FAs [55]. 
This is further supported by work showing that swapping 

the FAK and PYK2 FERM domains leads to increased 
FA localization of PYK2 and reduced FA localization of 
FAK [56]. Thus, given the reduced targeting/localization 
of PYK2 at FAs, it is anticipated that a lower concentra-
tion of LD2-LD4 peptide would be sufficient for PYK2 
displacement from these structures, than that required to 
displace FAK.

Both FAK and PYK2 also bind the LD motifs of the 
Paxillin family members Hic- 5 (Hydrogen-peroxide 
Inducible Clone-5) and Leupaxin [50, 57, 58]. Hic-5 and 
Leupaxin are highly expressed in various cancers and 
have been shown to promote progression and invasion of 
cancer cells [59]. Therefore, our approach allows effective 
competition with multiple LD-containing binding part-
ners of FAK and PYK2, an important consideration when 
trying to design targeted inhibitors.

The efficient displacement of both FAK and PYK2 from 
FAs, due to the expression of LD2-LD4 peptide, results 
in a dramatic reduction in the phosphorylation levels of 
Y397 and Y402 on FAK and PYK2 respectively, key resi-
dues for the kinases’ activation and downstream signaling 
[60]. Thus, even though PYK2 is not strongly targeted to 
FAs in most cells [26], our data show that LD2-LD4 can 
both displace the protein from FAs and inhibit its activa-
tion, thus providing a unique strategy of dual inhibition, 
that can concomitantly block both enzymatic and scaf-
folding functions of both kinases.

Expression of LD2-LD4 lead to the displacement of 
FAK and PYK2 from FAs in various cell lines, but the 
overall FA composition was not affected. Major FA pro-
teins such as Talin, Paxillin, Vinculin and ILK remained 
associated with FAs, suggesting that the peptide spe-
cifically disrupted the interaction of Paxillin with the 
intended targets. Talin does not rely on its interaction 
with the LD2 motif of Paxillin for its recruitment to 
mature FAs [61], however its recruitment to nascent FAs 

Fig. 9  LD2-LD4 expression inhibits tumor growth and metastasis in vivo. A Schematic illustration of the experimental design and timeline 
used for the in vivo experiments. B Representative images showing tissues (tumors, lungs and abdominal metastatic foci) isolated 9 weeks 
post orthotopic injection of 2 × 106 LM2 in the mammary fat pad of NOD/SCID mice. C Tumor growth curve showing inhibition of tumor growth 
upon LD2-LD4 induction. Regular two-way ANOVA test (Bonferroni post-test) was used for multiple group comparison. Black asterisks indicate 
significant difference between control (-DOX) and doxycycline-treated mice. SEM is represented by error bars. N = 6 mice in NO DOX group, 7 
mice in DOX_DAY7 group, 6 mice in DOX_DAY0 group and 7 mice in PRE-INDUCED group. *: P < 0.05, **: P < 0.01, ***: P < 0.001. D Quantification 
of excised tumor volume of control compared to treated mice at 9 weeks, using two-tailed unpaired t test. The mean tumor volume of non-treated 
mice (NO DOX) is 425.5 ± 42.56, for the DOX_DAY7 group is 213.7 ± 14.28, for the DOX_DAY0 group is 147.4 ± 26.35 and for the PRE-INDUCED group 
is 23.29 ± 10.18. N = 6 mice in NO DOX group, 7 mice in DOX_DAY7 group, 6 mice in DOX_DAY0 group and 7 mice in PRE-INDUCED group. SEM 
is represented by error bars. *: P < 0.1, ***: P < 0.001. E Quantification of macroscopic lung metastasis, using stereoscope images and two-tailed 
unpaired t test. The mean ratio of metastatic area/total lung area of non-treated mice (NO DOX) is 0.6865 ± 0.06868 N = 6 mice, for the DOX_DAY7 
group is 0.1726 ± 0.03469 N = 7 mice, for the DOX_DAY0 group is 0.06166 ± 0.01194 N = 6 mice and for the PRE-INDUCED group is 0.007814 
± 0.002802 N = 7 mice. SEM is represented by error bars. *: P = 0.0165, ***: P < 0.001. F Quantification of the number of lung metastatic nodules using 
two-tailed unpaired t test. The mean ratio of the number of lung metastatic nodules of non-treated mice (NO DOX) is 53.33 ± 6.401 N = 6 mice, 
for the DOX_DAY7 group is 26.86 ± 3.595 N = 7 mice, for the DOX_DAY0 group is 13.50 ± 1.839 N = 6 mice and for the PRE-INDUCED group is 4.000 
± 1.272 N = 7 mice. SEM is represented by error bars. **: P 0.0032 (NO DOX vs DOX_DAY7, P 0.0095 (DOX_DAY7 vs DOX_DAY0, P 0.0012 (DOX_DAY0 
vs PRE-INDUCED, ***: P 0.0001 (NO DOX vs DOX_DAY0, P < 0.0001 (NO DOX vs PRE-INDUCED, DOX_DAY7 vs PRE-INDUCED)

(See figure on next page.)
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Fig. 9  (See legend on previous page.)
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Fig. 10  LD2-LD4 expression dramatically inhibits metastasis in vivo. A Representative stereoscope images of frozen lung sections, processed 
for chromogenic immunohistochemistry demonstrating lung metastasis, using an anti-human specific antibody, namely anti-mAb13, 
for the detection of LM2 cells. Scale bars: 100 μm. B Representative confocal images of frozen lung sections processed for fluorescent 
immunohistochemistry demonstrating lung metastasis, using mAb13 for the detection of LM2 cells. Cell nuclei were visualized using Hoechst 
staining. ZEN graphs show GFP intensity for each selected ROI defined by a red circle. Scale bars: 20 μm. C Quantification of lung metastasis 
of control and treated mice, using two-tailed unpaired t test. The mean ratio of metastatic area/total lung area of non-treated mice (NO DOX) 
is 0.8093 ± 0.02517, for the DOX_DAY7 group is 0.2488 ± 0.02269, for the DOX_DAY0 group is 0.04862 ± 0.01022 and for PRE-INDUCED group 
is 0.01097 ± 0.002382. SEM is represented by error bars. N = 13 sections per group, ***P ≤ 0.0001
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depends on FAK and specifically on a direct interaction 
of the Talin FERM F3 lobe with the FAT domain of FAK 
[62]. This interaction is critical for cell migration, since 
FAK mutants harboring a mutation (E1015 A) leading 
to disruption of the FAK-Talin interaction, fail to rescue 
migration defects of FAK null cells [62]. This raises the 
possibility that migration and invasion defects observed 
in LD2-LD4 expressing tumor cells may, at least in part, 
stem from the elimination of Talin from nascent adhe-
sions. The binding site on the FAK FAT domain, which 
interacts with the Talin FERM domain, is at a consid-
erable distance from the HPs bound by the Paxillin 
LDs [47] presumably allowing concomitant binding of 
the FAT domain of FAK to both the LDs and the Talin 
FERM domain and subsequent Talin recruitment to 

nascent FAs. A FAK kinase inhibitor, would most cer-
tainly be incapable of affecting this critical scaffolding 
role of FAK, since none of the interactions involved are 
dependent on FAK’s enzymatic activity. Therefore, this 
could explain the drastic inhibition of metastasis upon 
LD2-LD4 expression, compared to the impact of kinase 
inhibition, and warrants further study. Moreover, it fur-
ther highlights the advantages of the proposed approach 
compared to using kinase inhibitors [63].

Collectively, the results of the current preclinical 
study show that the LD2-LD4 peptide exerts promis-
ing antitumor activity and that FAK/PYK2 displace-
ment from FAs constitutes a new promising inhibitory 
strategy. Particularly, LD2-LD4 expression suppressed 
tumor growth significantly, and nearly eliminated 

Fig. 11  LM2 cells metastasize only if they switch off LD2-LD4 expression. A, B Representative confocal images of frozen sections processed 
for fluorescent immunohistochemistry. Tumors, lungs, and abdominal metastatic foci were isolated 9 weeks following orthotopic injection of 2 × 
106 LM2-GFP cells (A) or LM2-LD2-LD4 cells (DOX DAY7 group) (B) in the mammary fat pad of NOD/SCID mice. mAb13 was used for the detection 
of metastatic LM2 cells in doxycycline-treated mice. ZEN graphs show GFP intensity for each selected ROI defined by a red circle. Scale bars: 50 μm



Page 24 of 27Christoforou et al. Cell Communication and Signaling          (2025) 23:231 

metastasis. Control group mice developed the largest 
tumors, compared to the LD2-LD4-induced groups; 
specifically, in the group in which LD2-LD4 expres-
sion was pre-induced, tumor initiation was remark-
ably inhibited, even 5  weeks post-injection. Even 

more importantly, LD2-LD4 expression dramatically 
suppressed the development of metastatic nodules 
in both the lungs and the abdominal region. Notably, 
our data show that tumor cells are unable to metasta-
size unless LD2-LD4 expression is switched off. This is 

Fig. 12  A single LD motif with increased affinity for the FAT domain displaces FAK from FAs and inhibits its acivity. Representative confocal images 
of HeLa cells transiently transfected with (A) GFP-LD2-LD3, (B) GFP-LD3-LD4, or (C-E) GFP-Linker(3–4)-LD4 peptide, immunostained for FAK (A-C), 
Vinculin (A-E), pFAK Y397 (D), and pFAK Y576 (E). Yellow arrows are pointing FAs of control cells and white arrows are pointing FAs of expressors. 
Dashed white rectangles indicate zoomed-in areas, shown in the middle column. Scale bars: 10 μm
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more pronounced when induction was initiated 7 days 
after the tumor cells were introduced in the mice sug-
gesting that the slow buildup of LD peptide allows the 
selection of cells that shut down transgene expression. 
This result provides strong support that targeting the 
FAK/PYK2 hydrophobic pockets is a strategy that could 
be highly effective and could lead the development of 
novel anti-metastatic agents. Importantly, we have pre-
viously shown that an LD2 dimer or an LD4 dimer can 
also displace FAK from FAs suggesting that it would be 
possible to target both HPs with a single molecule [31]. 
We now show that an LD monomer can displace both 
FAK and PYK2 from FAs. We are therefore currently 
exploring this possibility using peptidomimetic com-
pounds designed to mimic the LD motifs, in an effort 
to come a step closer in the design of an effective anti-
tumor and anti-metastatic agent, that could pave the 
way towards clinical application of this strategy.

Conclusion
Displacement from focal adhesions is a novel strategy 
that uniquely blocks both enzymatic and scaffolding 
functions of FAK and PYK2. It dramatically suppresses 
metastasis and could allow the development of more 
effective small molecule dual FAK/PYK2 inhibitors.
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