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p21-Activated kinase-1 (Pak1) is frequently overexpressed and/or amplified in human
breast cancer and is necessary for transformation of mammary epithelial cells. Here, we
show that Pak1 interacts with and phosphorylates the Calcium/Calmodulin-dependent
Protein Kinase Il (CaMKIl), and that pharmacological inhibition or depletion of Pak1 leads to
diminished activity of CaMKIl. We found a strong correlation between Pak1 and CaMKIl
expression in human breast cancer samples, and combined inhibition of Pak1 and CaMK |
with small-molecule inhibitors was synergistic and induced apoptosis more potently in
Her2 positive and triple negative breast cancer (TNBC) cells. Co-adminstration of Pak and
CaMKIl small-molecule inhibitors resulted in a dramatic reduction of proliferation and an
increase in apoptosis in a 3D cell culture setting, as well as an impairment in migration and
invasion of TNBC cells. Finally, mice bearing xenografts of TNBC cells showed a significant
delay in tumor growth when treated with small-molecule inhibitors of Pak and CaMKII.
These data delineate a signaling pathway from Pak1 to CaMKII that is required for efficient
proliferation, migration and invasion of mammary epithelial cells, and suggest new
therapeutic strategies in breast cancer.
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INTRODUCTION

Breast cancer is one of the most common malignancies among
women and is the fifth leading cause of cancer-related deaths
(Siegel et al., 2012; Sung et al., 2021). The median age at diagnosis
is 62 years, and approximately 20% of the patients are diagnosed
before the age of 50. In general, 60% of breast cancers are found as
alocalized tumor that is treated with lumpectomy or mastectomy
(Siegel et al., 2012). Breast cancer is a complex and heterogeneous
disease that can be divided into four intrinsic subtypes: Luminal A
(50-60% of breast tumors), Luminal B (15-20% of breast
tumors), Her2+ (15-20% of breast tumors) and triple negative
breast cancer (TNBC, 15-20% of breast tumors), which are
mainly defined by the expression of estrogen receptor (ER),
progesterone receptor (PR) and Her2, as well as in Ki-67,
EGFR and basal cytokeratines status (Dai X. et al., 2015).

Signal transduction is a fundamental process in the
development and progression of cancer through their role in
regulating pro-survival and anti-apoptotic signaling pathways.
Some of the most prominent signaling networks affected in breast
cancer include, the phosphoinositide 3-kinase (PI3K)/Akt/
mTOR, Ras/RAF/MEK/ERK, and Src/Fak pathways (Marcotte
and Muller, 2008).

p21 activated kinases (Paks) are downstream effectors for the
small GTPases Cdc42 and Rac that regulate the activity of the
PI3K/Akt, Ras/RAF/MEK/ERK, and Src/Fak networks (Arias-
Romero and Chernoff, 2008; Radu et al., 2014). In addition, it has
been shown that one member of the Pak family, Pakl, is amplified
and/or overexpressed in different types of cancer, including
25-30% of breast tumor samples and cancer cell lines (Radu
et al,, 2014). For instance, it has been reported that Pakl is
necessary for the activation of Akt, either acting as a scaffolding
protein that links Pdk1 to Akt or directly phosphorylating Akt at
the residue Ser473 (Higuchi et al., 2008; Mao et al., 2008). In the
Ras/RAF/MEK/ERK pathway, Pakl phosphorylates both, c-Raf
at S338 and MEKI1 at S298, sites that are essential for full
activation of MAPK signaling (Beeser et al., 2005). In addition,
Pak1 also acts downstream in the Src/Fak pathway, as an effector
for the small GTPase Racl (Zhao et al., 2000). However, the role
of Pakl in tumorigenesis, and the particular signaling pathways
affected, are not completely understood.

In this work, we show that Pakl-deficient breast cancer cells
showed a dramatic reduction in CaMKII phosphorylation at
residue T287, which is important for the activity of this
kinase. In addition, using in silico and in vitro kinase assays,
we showed that Pak1 interacts with and phosphorylates CAMKII
not only at T287, but also at T277. Moreover, we demonstrated
that both, pharmacological inhibition of Pakl activity or
reduction of Pakl expression through siRNA-mediated assays,
significantly reduced the phosphorylation of CaMKII at T287.
Conversely, the expression of a rapamycin-activatable Pakl
increased its phosphorylation levels. In addition, Pakl and
CaMKII are co-expressed in breast cancer cell lines and using
a human breast cancer tissue microarray (TMA), we observed a
significant correlation between the expression levels of these two
kinases. Next, we showed that in a 3D cell culture setting, the
combination of anti-Pak and anti-CaMKII agents has a
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synergistic inhibitory effect on cell proliferation, and induced
apoptosis more potently in Her2 positive and TNBC cells, as well
as an impairment in cell migration and invasion. Finally, we
demonstrated that the combination of small molecule inhibitors
targeting Pakl and CaMKII significantly delayed the
tumorigenesis of TNBC cells in a xenograft setting. These data
delineate a signaling pathway from Pakl to CaMKII that is
required for efficient proliferation, migration and invasion of
mammary epithelial cells, and suggest new therapeutic avenues
for the treatment of TNBC.

MATERIALS AND METHODS

Antibodies and Reagents

Antibodies used for western blot included anti Pakl, phospho-
Pakl (Ser199/204), CaMKII and phospho-CaMKII Thr287 pan-
antibodies, myc-tag, cleaved caspase-3, PCNA and GAPDH from
Cell Signaling Technology (Boston, MA. United States). Anti-
GFP was from Santa Cruz Biotechnology (Dallas, TX.
United States), and Anti-phospho-Threonine Antibody, clone
20H6.1, was from Sigma-Aldrich (St. Louis, MO. United States).

DNA Constructs and siRNA

The pCMV6M-Pakl plasmid (Sells et al., 1997), was a gift from
Jonathan Chernoff (Addgene plasmid 12209). The uniRapR-Pak1
mammalian expression vector (Dagliyan et al., 2017), was a gift
from Klaus Hahn. The CaMKIIy cDNA was amplified by PCR
using the pDONR223-CAMK2G vector (Addgene plasmid
23409) as a template and cloned into the HindIII/EcoRI
restriction sites of pEGFP-C1 (Clonetech. Mountain View, CA.
United States). The sequence encoding the regulatory domain
(RD) of CaMKIly (aminoacids 212-317) was amplified by PCR
and cloned into the BamHI/EcoRI sites of pGEX-6P-2 (GE
Healthcare. Braunschweig, Germany). The pGEX-6P-2-
CaMKIIyRD T277A, T287A and the double mutant T277/
287A were generated by site-directed mutagenesis with the
Quick Change kit (Stratagene. La Jolla, CA. United States).
The SMARTpool siRNAs targeting human Pakl were obtained
from Dharmacon (Lafayette, FL. United States).

Cell Culture

Primary breast cancer cells derived from MMTV-Neu:Pakl
and MMTV-Neu:Pak1™'~ animals were manteined in low calcium
medium supplemented with 5% horse serum (Arias-Romero
et al, 2013). MCF10A, MCEF-7, SK-BR3, and MDA-MB-231
cells were obtained from American Type Culture Collection
(Manassas, VA, United States), MBCDF-B4 cells were a kind
gift from Dr. Maria de Jesus Ibarra-Sdnchez (Esparza-Lopez et al.,
2016). MCF10A cells were maintained in DMEM/F12 (Gibco
BRL) supplemented with 10% FBS, 20 ng/ml EGF (Harlan
Bioproducts. Indianapolis, IN. United States), 10 pg/ml insulin
(Sigma-Aldrich. St. Louis, MO. United States), 1 ng/ml cholera
toxin (Sigma-Aldrich. St. Louis, MO. United States), 100 pg/ml
hydrocortisone (Sigma-Aldrich. St. Louis, MO. United States), 50
U/mL penicillin, and 50 pg/ml streptomycin. MCF-7, MDA-MB-
231and MBCDF-B4 cells were grown in DMEM supplemented

+/+
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with 10% FBS, 50 U/mL penicillin, and 50 pg/ml streptomycin.
SK-BR3 were grown in McCoy’s 5A supplemented with 10% FBS,
50 U/mL penicillin, and 50 pg/ml streptomycin.

For 3D cell cultures, 1500 MCF7, SK-BR3 or MDA-MB-231
cells were plated atop reconstituted basement membrane in eight-
well slide chambers as described (Debnath et al., 2003). Cells were
treated on day 5 with vehicle (control), FRAX-1036, 1 uM KN93
of FRAX-1036 and KN93 respectively, fresh cell culture media
supplemented with the corresponding inhibitors every other day,
and 3D cultures were fixed on day 15. The 3D cell cultures were
then stained with Oregon Green Phalloidin (Thermo Fisher
Scientific); 4', 6 diamidino-2-phenylindole (DAPI) (Thermo
Fisher Scientific) and anti-PCNA, or anti-cleaved PARP-1
(Asp214) antibodies (Cell Signaling Technology). Samples
were analyzed under fluorescence microscopy using a Zeiss
LSM710 Duo  confocal microscope. Percentage  of
PCNA-positive, and anti-cleaved PARP-1-positive cells were
scored on the basis of assessment of 30 spheroids per well.
Bar, 50 mm. Results were represented as mean + S.E.
Significance (p-value) between cell lines was determined using
the Student #-test. *p < 0.05; **p < 0.01.

Phospho-specific Protein Microarray
Analysis

The cancer signaling phospho-antibody arrays were purchased
from Full Moon Biosystems, Inc. (Sunnyvale, CA. United States).
Protein microarray analysis was performed following the
manufacturer’s suggested protocol. Briefly, 100pg of cell
lysates were diluted in 50 puL of reaction mixture and labeled
with biotin in 10 ug/uL N,N-dimethyformamide. The biotin-
labeled proteins were diluted 1:20 in coupling solution before
applying to the array for conjugation. To prepare the antibody
microarray, it was blocked with blocking solution for 30 min at
room temperature, rinsed with Milli-Q grade water, and dried
with compressed nitrogen. Next, the array was incubated with the
biotin-labeled proteins at 4°C overnight, the arrays were washed
three times with 60 ml of wash solution, and the conjugated-
labeled proteins were detected using Cy3-streptavidin. Scanning,
quantification, and data normalization were done using a
G4900DA SureScan Microarray Scanner System and Feature
Extraction v12.0 (Agilent Technologies). The extracted data
were normalized and analyzed with the Subié platform
(Subid Inc).

Model of the Binding Complex of the Pak1
and Pak2 Kinase Domain and CaMKIly
Peptide | and Il

To generate a model that could show the interaction of CaMKIIy
and its derived peptides I (sequence:
LKHPWVCQRSTVASMMHRQET where the underline Thrll,
corresponding to Thr 277, which was identified as a
phosphorylation target) and I (sequence:
STVASMMHRQETVSLRKFNAR, where the underlined
Thr12, which corresponds to Thr287 in CaMKIIy, which was
also identified as a phosphorylated residue), we decided to carry
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out peptide-protein and protein-protein docking experiments
followed by molecular dynamics simulations. First,
PEPstrMOD online platform (Singh et al., 2015) was used to
predict the structure of the sequences of both peptides while
CaMKIly structure was retrieved from the Protein Data Bank
(PDB) (Berman et al., 2000) with the accession code PDB ID:
2V70 (Rellos et al., 2010). The activated Pakl kinase domain in
complex with ATP structure was also downloaded from the PDB
with the accession code PDB ID:3Q53 (Wang et al., 2011). For
Pak2, currently there is no available tridimensional structure in
the PDB, in consequence the model was generated using PAK1 as
template with the homology modelling module implemented as
part of Yasara Structure v.18.4.24. For the docking experiments,
ClusPro online server https://cluspro.bu.edu/(Kozakov et al.,
2013; Kozakov et al, 2017; Vajda et al., 2017; Desta et al,
2020) was used. ClusPro 2.0 generates conformations based on
different desolvation and electrostatic ~potential; those
conformations are categorized through clustering.

Molecular dynamics simulations were carried out in duplicate
using Yasara Structure v. 18.4.24 (Krieger and Vriend, 2014;
Krieger and Vriend, 2015) using the AMBER 14 force field using a
previously reported protocol (Vivar-Sierra et al., 2021). Briefly,
each complex was embedded within a TIP3 water box with 10 A
to the box boundary. Periodic boundary conditions were
considered. The temperature was set to 298 K, pH to 7.4, with
the addition of sodium and chlorine ions for charge
neutralization. A Particle Mesh Ewald (PME) algorithm with a
cut-off radius of 8 A was applied. Steepest descent energy
minimization was performed, and then a total simulation time
of 100 ns with a time step of 2.5fs was carried out, recording
snapshots at intervals of 500 ps. The analysis of the resulting
trajectories was performed with a script included as part of Yasara
software and included the root mean square deviation (RMSD)
and the distance of the phosphorus atom in the y-phosphate
group of ATP to the oxygen atoms of the side-chain threonine
residues (O¢rny- yP) identified as the Pakl or Pak2
phosphorylation targets.

Tissue Microarray (TMA)

190 breast cancer specimens of at least 100 mg were obtained
from the Fox Chase Cancer Center tumor core at the time of
surgery from each patient per an Institutional Review Board
approved protocol. The tissues were validated as invasive
mammary carcinomas by a pathologist, immediately frozen
in liquid nitrogen and stored at —80°C. The archived H&E
slides used for diagnosis were verified by the pathologist
for confirmation of diagnosis and selection of appropriate
paraffin-embedded tissue blocks for the construction of
TMAs. Slides with the tissue of interest were selected and
mapped for construction of the TMA blocks using a 1.5 mm
punch size.

Immunohistochemistry

The THC of all the biomarkers analyzed in this study were
performed as previously described (Zapata-Tarres et al., 2019).
Briefly, serial sections of the breast TMA were deparaffinized with
xylene, and then rehydrated with graded ethanol. Antigen
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retrieval was performed using sodium citrate (0.01 M, pH 6.0).
Endogenous peroxidase activity was inhibited with methanol and
3% hydrogen peroxide. Non-specific binding was blocked by
immersing the sections in universal blocking solution and 1%
bovine serum albumin for 60 min, the tissue slices were incubated
overnight at room temperature with an anti-CaMKII antibody
(dilution 1:1,000), Pak1 antibody (dilution 1:750). The slides were
washed and incubated with specific secondary antibodies
conjugated to horseradish peroxidase (HPR) (Vector.
Burlingame, CA. United States) or the secondary antibody
anti-goat conjugated to HRP (GBI Labs. Bothell, WA.
United States) for hENT1 and the signal was generated by the
addition of diaminobenzidine (Vector. Burlingame, CA.
United States). The reaction was stopped, and samples were
counterstained with hematoxylin. The tissues were dehydrated,
and the preparations were covered with resin and dried at room
temperature. In order to diminish the inter-assay variability,
immunohistochemistry analysis was performed at the same
time in a single experiment for each biomarker.

For the tumor mice tissue, we follow the same method describe
below using anti-PCNA dilution 1:1,000 from Genetex (Irvine,
CA. United States), anti-cleaved Caspase 3 antibodies dilution 1:
500 from Millipore (Burlington, Massachusetts. United States),
anti phospho-Pakl Thr212 and anti phospho-CaMKII Thr287,
dilution 1:200 both from ThermoFisher (Waltham,
Massachusetts. United States). Protein expression analysis of
each tissue section was performed by digital pathology using a
ScanScope CS digital processor (Aperio, San Diego, CA.
United States).

Digital Imaging Analysis

Immunohistochemically stained samples were analyzed as
previously described (Zapata-Tarres et al., 2019). Briefly,
immunostained sections for each protein were digitized at a
40x magnification using an Aperio ScanScope CS (Leica
BioSystems. Nussloch, Germany). The Aperio ScanScope CS
obtains 40x images with a spatial resolution of 0.45 pum/pixels.
The images were reviewed using the ImageScope software
(Leica BioSystems. Nussloch, Germany). Once the areas were
annotated, they were sent for automated image analysis using
Spectrum Software (Leica BioSystems. Nussloch, Germany).
For tissue intensity, an algorithm was developed to quantify
the total CamKII and Pakl expression. The output from the
algorithm returns a number of quantitative measurements,
namely, the intensity, concentration and percentage of
positive staining. Quantitative scales of intensity and
percentage were categorized into 4 and 5 classes, respectively,
after the cut-off values were determined. The intensity of
staining was categorized as 0 (no staining), 2+ (moderate) or
3+ (strong). The final THC score was calculated from a
combination of the intensity of total or nuclear expression
and percentage scores.

Immunofluorescence and Image Analysis

Cells were seeded in coverslips, fixed in 4% paraformaldehyde
and permeabilized with 0.2% Trton X-100, blocked and incubated
with primary antibodies for 2 h at room temperature. Cells were
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then washed three times with PBS and incubated with Alexa Fluor
488 or 594-conjugated secondary antibodies (Thermo Fisher
Scientific. Waltham, MA. United States). Stained cells were
imaged using a Leica TCS SP8 confocal microscope. Co-
localization was quantified using Image] and Coloc2 plugin
software (NIH).

Immunoblotting and

Co-Immunoprecipitation

Breast cancer cells were lysed in RIPA buffer (20 nM Tris-HCL
pH 7.4, 150 nM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5%
SDS, 1% sodium deoxycholate, 1X protease inhibitor Cocktail
and 1X PhosSTOP (Sigma-Aldrich. St. Louis, MO. United
States). Immunoblots (on Immobilon-P membranes (Millipore.
Burlington, Massachusetts. United States) were blocked in 5%
nonfat dried milk in TBS-Tween-20 0.5% or 1% BSA, incubated
primary and secondary antibodies, and visualized using
enhanced chemiluminescence reagents (ECL, Amersham
Pharmacia. Buckinghamshire. United Kingdom). All the
antibodies were used at concentrations as recommended by
the supplier.

For co-immuniprecipitation cells were lysed for 30 min in
PBSCM buffer (100 mM Na,PO,, 150 mM NaCl, pH 7.2, 1 mM
CaCl,, 1mM MgCl, and 5uM ATP), homogenized and
centrifuged at 13,500rpm for 10 min at 4°C. The supernatants
were recovered, clarified and incubated with primary antibodies
or mouse or rabbit IgG isotype control antibodies for 4 h at 4°C,
and incubated with Protein G Sepharose beads (GE Healthcare.
Braunschweig, Germany). The immune complexes were washed
three times with PBSCM buffer and the bound material was
eluted using sample buffer for 5min at 90°C. The eluate was
resolved on 10% SDS-PAGE and analyzed by immunoblot.

Wound Healing Assay

Cells were seeded in 6-well tissue culture plates to form a
monolayer and treated with 10 pg/ml of mitomycin ¢ and the
relevant small-molecule inhibitors. Wounds were created with a
200 pL pipette tip, and wound closure was observed at different
time points within the scrape line (0 h, 24 h), and the extent of
wound closure was determined with a Leica DM IL LED inverted
microscope (Wetzlar, Germany). The data was analyzed with the
Image] and GraphPad Prism 8.0 software.

Transwell Migration Assay

The in vitro cell migration assay was performed using 8 pm-
pore size Transwell chambers (BD Bioscience. Franklin Lakes,
NJ. United States) according to the manufacturer’s instructions.
Briefly, 2.5 x 10* cells were treated with Pak and/or CaMKII
inhibitors and added to the top chamber in serum-free medium.
The bottom chamber contained cell culture medium
supplemented with the corresponding small-molecule
inhibitors and 10% FBS. Cells were incubated for 24 h at 37°C,
fixed with 70% methanol for 15 min and stained with crystal
violet (0.2%) for 15 min, and counted in three separate, random
view fields under a Leica DM IL LED inverted microscope
(Wetzlar, Germany).
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Random Migration Assay
5x 10* MDA-MB-231 or MBCDF-B4 cells were grown in DMEM

10% FBS, treated with 20 mM Hepes and placed on a heated
(37°C) stage of an Olympus IX71 microscope. Images were
collected using a Retiga SRV CCD camera every 5min for
16 h using Image-Pro Plus software. All the acquired time-
lapse sequences were displayed as movies and cells were
tracked using Image]. Mathematical analysis was performed
using Chemotaxis and Migration Tool 2.0 where the mean cell
migration speed and accumulated distance is calculated for each
cell and this data is used to calculate a mean cell migration speed
for each group of cells. Statistical significance was calculated using
ANOVA.

Invadopodia Assay

The invadopodia formation assays was performed using the
QCM™ Gelatin Invadopodia Assay (Millipore. Burlington,
Massachusetts. United States) according to the manufacturer’s
instructions. Briefly, coverslips were coated with poly-L-lysine for
20 min, washed three times with PBS and incubated with
glutaraldehyde:PBS for 15 min. The coverslips were placed on
mix of fluorescently labeled gelatin. Cells were treated with
vehicle, FRAX-1036 (MedChem Express, Monmouth Junction,
NJ. United States) and/or KN93 (Santa Cruz Biotechnology.
Dallas, TX. United States), seeded onto the gelatin-coated
coverslips and incubated for 24 h at 37°C. Then, the cells were
fixed and permeabilized, and the cytoskeleton and nuclei were
stained with Oregon Green-Phalloidin and DAPI respectively.
The samples were observed in a Leica TCS SP8 confocal
microscope (Wetzlar, Germany). and the results were analyzed
using LAS X ® software.

Tumor Xenografts

The Institutional Animal Care and Use Committee (IACUC) of
CINVESTAV approved all animal experiments (protocol
number: 0,307-2). Four to 6-week-old inbred BALB/c-nu/nu
female mice were injected with MDA-MB-231 cells (5 x 10°
in 0.3 ml of rBM) into the mammary fat pad of each mouse.
FRAX-1036 was formulated in 20% of 2-Hydroxypropyl-
B-cyclodextrin  in 50 mM citrate buffer (pH 3.0) and
administrated to mice receiving a dose of 30 mg/kg/day via
oral gavage. KN93 was reconstituted in corn oil, and mice
were intraperitonially injected with a dose of 50 mg/kg/day, in
the combination groups, the compounds were given with 4-6 h
interval. At completion of all xenograft studies mice were
culled, the tumors were collected and their volumes
estimated with the following formula: volume = (a2 X b)/2,
where a = short and b = long tumor lengths, respectively, in
millimeters.

Statistics

Relationships between the expression levels of different markers
evaluated in the TMA were examined using Spearman rank
correlation. Statistical analysis was conducted using a two-way
ANOVA or the unpaired Student  test except for survival. Values
of p < 0.05 were considered significant. For the xenograft studies,
treatment cohorts were analyzed by one-way analysis of variance
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using the Prism software package (GraphPad Software. San
Diego, CA. United States).

RESULTS
CaMKIl Is a Novel Substrate of Pak1

Pakl occupies a central position in oncogenic signaling. In the last
decade, several substrates of this kinase have been validated (Radu
et al., 2014). However, additional substrates that mediate the
oncogenic effects of Pakl in different types of cancer remain to be
identified. In order to examine signaling proteins that might be
regulated by Pakl we used a phospho-antibody array, which
contains several dozen of breast cancer-relevant phospho-protein
specific antibodies. This array was probed with lysates from wild
type and Pakl deficient breast cancer cells derived from murine
tumors (Arias-Romero et al.,, 2013). The results showed that
phosphorylation of several Pakl direct and indirect substrates,
including ERK, c-Raf, Akt and fB-catenin were significantly
reduced in Pakl deficient cells (Supplementary Figure S1A).
Interestingly, one of the proteins showing a significant reduction
in phosphorylation levels was the Calcium/Calmodulin-
dependent kinase, CaMKII (Figure 1A), a protein that has
recently been associated to breast cancer progression (Chi
et al, 2016; Wang et al, 2017). Since CaMKII family is a
highly conserved group of proteins composed of four
members; , 5, y and §, we analyzed the relative expression at
mRNA level of the four CaMKII isoforms using TCGA data. We
observed that only CaMKIIy expression is statistically higher in
tumor samples than in adjacent normal tissue (Supplementary
Figure S1B). In addition, the expression of Pakl and CaMKII in
the non-transformed mammary epithelial cell line MCF104, and
in the breast cancer cell lines MCF7 (luminal), SK-BR3 (Her2
positive) and MDA-MB-231 (triple negative) was assessed by
western blot. Interestingly, the cell lines with higher levels of
CaMKII correspond to the Her2 positive and TNBC subtypes
(Supplementary Figure S1C).

Then, we performed a Group-based phosphorylation site
(GPS) analysis (Zhou et al, 2004) of CaMKIly primary
sequence. This analysis revealed the presence of two putative
Pakl phosphorylation sites located at T277 and T287. In order to
determine if Pakl phosphorylates CaMKIIy in these two residues,
we performed peptide-protein docking experiments followed by
molecular dynamics simulations. First, PEPstrMOD online
platform (Singh et al., 2015) was used to predict the structure
of the sequences of the CaMKIly peptide I
(LKHPWVCQRSTVASMMHRQET)  and  peptide I
(STVASMMHRQETVSLRKFNAR), where the underlined T
residues correspond to T277 and T287 respectively. Next, we
generated the interaction models by docking in the ClusPro
online server (Kozakov et al., 2017; Alekseenko et al., 2020),
using the Pakl kinase domain in complex with ATP (PDB ID:
3Q53) (Wang et al., 2011). The molecular dynamic simulations
results indicated that the distance from the oxygen atoms of the
T277 and T287 residues to the phosphorous atom of the
y-phosphate of ATP (O¢hy-yP) is 675A and 35A
respectively  (Figure 1B; Supplementary Figure S1D),
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suggesting that Pakl can phosphorylate CaMKII on the
aforementioned residues. In order to assess if the closely
related and broadly expressed Pak2 kinase also phosphorylates
CaMKI]I, the structure of this Pak family member was generated
by homology modeling using Pak1 structure as template. For the
Pak2 models, the hydroxyl groups of the potential

phosphorylation sites were located at a greater distance than
in the case of Pakl, 17.5 A for peptide I and 7.5 A for peptide II,
suggesting that CaMKII is a better substrate for Pakl than for
Pak2 (Supplementary Figure S1D). In addition, we explored
if CaMKII is a Pakl substrate by using an in vitro kinase assay.
The wild type, T277A, T287A or the double mutant T277/287A

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 759259


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Saldivar-Ceroén et al.

Pak1-CaMKII Signaling in Cancer

A myc-Pak1 EGFP-CaMKiIl MERGE
o . .
B 5 _co.p =
o -
IgG o Z : IgG b3
Anti-G Anti-myc  —
WB: GFP ) .- 8 myc-Pak1
WB: Myc p— IgG
== ' "= | EGFP-CaMKII
e #23
WB: myc - . myc~Pak1 WB: GFP ’ “=| EGFP-CaMKIl
> | 1gG
WB: Pak1 & | myc-Paki w: camkil| i &
= o | cavki
Pak1 CaMKIl MERGE
Cc
SK-BR-3
MDA-MB-231
D IP IP IP
- - - - -
a o X a o ¥ 2 o X
£ O a E 9 o E @ o
Pak1 ' . . ’
. o .
MCF7 SK-BR-3 MDA-MB-23
FIGURE 2 | Pak1 interacts with CaMKIl in a cellular context. (A) HEK293T cells were co-transfected with expression vectors encoding GFP-tagged CaMKIl and
myc-tagged Pak1. Cells were analyzed by confocal microscopy acquiring a Z-stack of confocal optical sections at 0.2 pm steps. 3D confocal images were post-treated
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FIGURE 3 | Correlation of immunohistochemical staining of Pak1 and CaMKIl in human breast cancer. (A) Representative example of human breast cancer

specimens from TMA that stained positive or negative for Pak1 (upper panel). Matching specimens from the same patient are shown for CaMKIl staining (bottom panel).
(B) Violin charts comparing the relative expression of Pak1 and CaMKIl between breast tumor samples and adjacent normal tissues. (C) Violin charts comparing the
relative expression of Pak1 and CaMKIl between the different intrinsic breast cancer subtypes (Luminal A, Luminal B, Her2 positive, and Triple Negative) tumor

samples and adjacent normal tissues. (D) Correlation between Pak1 and CaMKIl expression in the different intrinsic breast cancer subtypes, the X and Y axis represent
the integrated optical density (region score) of immunohistochemical staining intensity. (E) Association of clinicopathological features with Pak1 (left panel) and CaMKIl
expression (right panel). The expression of Pak1 and CaMKIl was significantly associated with histological grade (***p < 0.0001). (F) Kaplan-Meier curves according to
Pak1 and CaMKIl co-expression status for overall survival. Data form a metabric study shows that patients with high expression levels of Pak1 and CaMKIl have worst
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GST-tagged regulatory domain of CaMKIly (212-317 aa) was
incubated with purified Pakl. We observed a dramatic reduction
in the phosphorylation levels of the T277 (50%) and T287 (70%)
mutants when compared to the wild type CaMKIIy fragment. In
contrast, the double mutant T277/287 was not phosphorylated by
Pak1, suggesting that CaMKII is a substrate of Pakl (Figure 1C).

Finally, we validated the Pakl phosphorylation of CaMKII in a
physiologically relevant setting. Since MDA-MB-231 cells showed a
high expression of both kinases, we transfected these cells with
siRNAs targeting Pakl. Consistent with in vitro studies, we
noticed a substantial reduction in the phosphorylation of CaMKII
T287. Similarly, the pharmacological inhibition of Pakl with the
small-molecule inhibitor FRAX-1036 resulted in a reduction in
CaMKII phosphorylation (Figures 1D,E). Moreover, the
knockdown of Pak2 with siRNAs had no effect on the
phosphorylation levels of CaMKII, suggesting that Pakl, but not
the closely related Pak2 phosphorylates CaMKII (Supplementary
Figure S1F). In contrast, we observed a significant increase in the
phosphorylation levels of CaMKII (Figure 1F), when we transfected
MDA-MB-231 cells with a rapamycin-activatable Pakl (Dagliyan
etal,, 2017). These findings strongly indicate that the T287 residue of
CaMKII is phosphorylated by Pakl.

Pak1 Interacts With CaMKII

Given that Pak1 phosphorylates CaMKII in vitro, we wonder whether
both proteins interact in a cellular context. To this end,
HEK293T cells were co-transfected with myc-tagged Pakl and
GFP-CaMKII expression vectors and their co-localization was
analyzed by confocal microscopy. The results showed that Pakl
and GFP-CaMKII proteins co-localize in the cytoplasm of
HEK293T cells (Figure 2A). In addition, we examined the
physical association between Pakl and CaMKII by co-
immunoprecipitation  assays. HEK293T cells co-transfected
pCMV6M-Pakl and pEGFP-CaMKII expression vectors were
lysed and CaMKII was immunoprecipitated with anti-GFP
antibodies. The immunoprecipitates were separated by acrylamide
gel electrophoresis and probed for associated Pakl by Western blot
analysis. The presence of Pakl was readily detectable upon probing
the immunoblots with the anti-myc antibody in immunoprecipitates
(Figure 2B). Reciprocal immunoprecipitation of myc-Pakl with the
anti-myc antibody, was probed for associated CaMKII with the anti-
GFP antibody (Figure 2B). Next, we confirmed the interaction of
endogenous Pak and CaMKII in breast cancer cells. Since the western
blot analysis shown in Supplementary Figures S1C showed that
MCF7, SK-BR3 and MDA-MB-231 cells co-express high amounts of
both proteins, we analyzed their co-localization and ability to interact
by immunofluorescence and co-immunoprecipitation (Figures
2C,D). Altogether, our results indicate that CaMKII is a novel
substrate of Pakl, and that both proteins physically interact in a
cellular context.

Pak1 and CaMKIl Are Coordinately
Overexpressed in Human Breast Cancer

Samples
To investigate the protein expression patterns of Pakl and
CaMKII in human breast cancer, we used a TMA containing

Pak1-CaMKII Signaling in Cancer

normal and tumor samples for IHC staining. Overall, both Pak1
and CaMKII showed higher expression levels in tumor samples
than in non-transformed adjacent tissue (p < 0.0001) (Figures
3A,B). To more thoroughly examine the relationship between
Pak1 and CaMKII expression in the four different tumor intrinsic
subtypes, the tumor samples were stratified according to ER, PR
and Her?2 status. Here, we found that the relative expression level
of CaMKII in the four breast cancer intrinsic subtypes is higher
than in normal breast tissues. Regarding Pakl, we found that the
expression level of this kinase is elevated in Luminal A, Luminal B
and TNBC tumor samples. However, it is not statistically
significant in Her2 positive tumors when compared to normal
tissue (p < 0.0001) (Figure 3C). Next, we evaluated the
relationship between the expression levels of Pakl and
CaMKII using a Spearman rank correlation. Overall, we found
a strong correlation between Pakl and CaMKII expression in
Luminal A, Luminal B and TNBC tumor samples (* = 0.631, p <
0.0001) (Figure 3D). Furthermore, we observed that the
expression of Pakl and CaMKII was significantly associated
with histological grade (p < 0.0001) (Figure 3E). Finally, we
assessed whether Pakl and CaMKIIy expression is associated
with breast cancer patient outcome by examining the expression
level of both genes at mRNA level from a set of data of a breast
cancer METABRIC study obtained from the Cancer Genome
Atlas website. The result of this analysis indicates that high Pak1
and CAMKIIy expression is associated with significantly worse
overall survival. In contrast, patients with low expression levels of
Pakl and CAMKIIy have a better prognosis (Figure 3F).
Altogether, our results indicate that Pakl and CaMKII are co-
expressed in human Luminal and TNBC specimens, and that
high expression of these proteins is associated with significantly
worse overall survival.

In vitro Synergy Between Pak and CaMKII

Inhibitors

As Pakl and CaMKII are co-expressed and interact in human
breast cancer cells, we tested the effect of small-molecule
inhibitors of these kinases, alone and in combination, on the
survival of Luminal, Her2 positive and TNBC cells. These
compounds included FRAX-1036, which is a potent and
selective inhibitor of Group I Paks (Ong et al, 2015), and
KN93, a selective CaMKII inhibitor that impedes the binding
of the CaM/Ca®" complex to CaMKII preventing its activation
(Sumi et al., 1991). The non-transformed MCF10A cells and the
breast cancer cell lines MCF7, SK-BR3 and MDA-MB-231 were
treated with varying concentrations of FRAX-1036 or KN93 and
the effect on cell survival was assessed after 72 h of treatment. The
results showed that SK-BR3 and MDA-MB-231 cells were more
sensitive to both small-molecule inhibitors than the non-
transformed MCF10A cells and the luminal MCF7 breast
cancer cells. However, breast cancer cells were more sensitive
to FRAX-1036 than to KN93. The ICs, values of FRAX-1036 in
MCF10A, MCF7, SK-BR3 and MDA-MB-231 cells were 10, 9, 3,
and 5 uM respectively; the ICs, values for KN93 were 32, 20, 20,
and 17 uM respectively (Figure 4A). Since Pakl and CaMKII
expression is elevated in Luminal, Her2 positive and TNBC cells,
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FIGURE 4 | Synergistic interactions between Pak and CaMKIl inhibitors. (A) Effect of Pak and CaMKIl inhibitors on survival of MCF10A, MCF7, SK-BR3 and MDA-
MB-231cells. Cells were treated with varying amounts of FRAX-1036 or KN93 for 72 h; cell viability was determined by Trypan blue exclusion and the ICso was
determined. (B) Effect of Pak and CaMKIl combined inhibition on survival of breast cancer cells. MCF7, SK-BR-3, and MDA-MB-231 cells were treated with the indicated
amounts of FRAX-1036 (red bars), KN93 (blue bars) or both inhibitors (with bars) for 72 h; cell viability was determined by Trypan blue exclusion. (C) Cl curve
analysis for FRAX-1036 plus KN93 in MCF7, SK-BR-3 and MDA-MB-231 indicates synergy. Cl values less than, equal to, or greater than 1 indicate synergy, additive
effect or antagonism respectively.

we performed drug synergy test, in MCF7, SK-BR-3, MDA-MB-
231 cells. Our results showed that Pak and CaMKII inhibition was
synergistic in all the breast cancer cell lines (Figures 4B,C).
Next, we validated by western blot that the patient derived TNBC
cell line MBCDEF-B4 (Esparza-Lopez et al., 2016) expressed Pakl and
CaMKII, and that both proteins interacted by co-
immunoprecipitation (Supplementary Figures S2A,B). Then,
varying concentrations of FRAX-1036 and KN93 were
coadministred to MBCDF-B4 cells, and a potent synergistic effect

was noted (Supplementary Figures S2C,D). Finally, in order to
evaluate if the coadministration of both small-molecule inhibitors
induce cell death and/or cell cycle arrest, we performed a Caspase-Glo
3/7 assay. Our results showed that the combined inhibition of Pak
and CaMKII did not merely produce cytostasis, but also resulted in
cell death, increasing the frequency of apoptosis by nearly a factor of 5
in SK-BR-3 and MDA-MB-231 cells and a factor of 15 in MBCDF-B4
cells. In contrast, MCF7 cells displayed a modest but statistically
significant effect (Supplementary Figure S2E).
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FIGURE 5 | Pak and CaMKIl pharmacological inhibition reduces cell proliferation and induces apoptosis in breast cancer cells 3D cultures. MCF7, SK-BR-3 and
MDA-MB-231 cells were grown for 7 days in matrigel to form spheroids and incubated in medium (vehicle) or in medium containing 1 pM of FRAX-1036, 4 uM of KN93 or
0.5:1 pM of FRAX-1036 and KN93 respectively for 5 days. The structure of spheroids was visualized by incubation with DAPI (blue) and Oregon Green Phalloidin (green).
To determine the effect of Pak and CaMKII inhibition on cell proliferation (A) and apoptosis (B), the 3D cultures were incubated with anti-PCNA (A) or anti cleaved
PARP-1 antibodies. The number of PCNA or PARP-1 positive nuclei in spheroids were taken as indicators of cell proliferation or apoptosis, respectively. Results are
shown as mean + S.E. and the differences between MCF-7, SK-BR-3, and MDA-MB-231 spheroids were shown to be statistically significant (“p < 0.01). Scale bar,
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Pak and CaMKIl Combined Inhibition
Suppresses Proliferation and Induces
Apoptosis in 3D Cell Cultures of Breast

Cancer Cells

In order to evaluate the effect of Pak and CaMKII
pharmacological inhibition in tumor growth, we used a 3D
cell culture system that closely resemble an in vivo cell

environment and mimics cell-cell and cell-matrix interactions
that exist in living tissues. To this end, MCF7, SK-BR-3 and
MDA-MB-231 cells were grown for 7 days atop a reconstituted
layer of Matrigel to form spheroids and incubated in medium
supplemented with vehicle, the Pak or CaMKII inhibitors alone,
or medium supplemented with both drugs for 5 days. Next, we
stained the spheroids with antibodies directed against PCNA or
cleaved PARP-1 in order to evaluate the effect of Pak and CaMKII
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FIGURE 6 | Combined Pak and CaMKIl pharmacological inhibition impairs cell migration and invasion in breast cancer cells. (A) Representative images from in vitro
scratch assay, MDA-MB-231 cells were treated with vehicle, 1 uM of FRAX-1036, 4 uM of KN93 or 0.5:1 uM of FRAX-1036 and KN93 respectively (upper panel). The
quantitative evaluation and statistical analysis of wound closure percentage was calculated with Imaged software (bottom panel). Results are expressed as means + SD
of three experiments ("p < 0.05). (B) Representative images from cell directional migration assay, MDA-MB-231 cells were treated with vehicle, or the
aforementioned amounts of FRAX-1036, KN93 or the combination of both small-molecule inhibitors (upper panel). The bar graphic shows quantitative analysis of crystal
violet extracted from migratory cells (bottom panel). Results are expressed as means + SD of three experiments (“p < 0.05). (C) Random migration of MDA-MB-231 cells
(Continued)
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FIGURE 6 | treated with FRAX-1036 and/or KN93 was monitored by microscopy. Representative track plots from at least three independent experiments are shown.
Bar graphs show comparisons of accumulated distance and migration speed. Data are presented as means + SEM. (D) MDA-MB-231 cells were treated as before and
plated on Alexa594-gelatin coverslips for 4 h, fixed permeabilized, and stained for F-actin. (E) The percentage of cells forming invadopodia, based on degradation of the
fluorescent gelatin, was quantified using confocal microscopy. Data are presented as means + SEM. (F) MDA-MB-231 cells were treated with 1 uM of FRAX-1036, 4 pM
of KN93 or 0.5:1 uM of FRAX-1036 and KN93 respectively, stimulated with 5 uM of LPA and RhoA activity was analyzed by G-LISA assays. Data are presented as

means + SEM.

inhibition on proliferation or apoptosis respectively (Figure 5).
Our results showed that the MCF7, SK-BR-3 and MDA-MB-231
spheroids treated with vehicle were positive for PCNA (63, 79,
and 60% respectively). In contrast, the FRAX-1036 and KN93
treated spheroids displayed a dramatic reduction in the
expression of PCNA. Finally, the coadministration of both
inhibitors was more effective in SK-BR-3 and MDA-MB-231
cells, where only the 6 and 1% of the spheroids analyzed were
positive for PCNA expression (Figure 5A). These results indicate
that combined inhibition of Pak and CaMKII reduces cell
proliferation in breast cancer 3D cultures.

To determine if in the 3D cell culture setting the small-
molecule inhibitors targeting Pak or CaMKII has a cytotoxic
or a cytostatic effect, we also quantified the percent of positive
cleaved-PARP-1 spheroids. Here, we observed that the MCF7,
SK-BR-3 and MDA-MB-231 spheroids treated with vehicle were
negative for cleaved-PARP-1 staining, and according to the
aforementioned results, CaMKII inhibition has a cytostatic
effect. In contrast Pak inhibition induced apoptosis in MCF?7,
SK-BR-3 and MDA-MB-231 cells, where the 53, 60, and 56% of
the spheroids respectively, were positive for cleaved-PARP-1
staining. Notably, the coadministration of Pak and CaMKII
inhibitors induced a significant increase in apoptosis only in
SK-BR-3 and MDA-MB-231 cells, where the 70 and 76% of the
spheroids analyzed were positive for cleaved-PARP-1 staining
(Figure 5B). Overall, our results suggest that Pak and CaMKII
combined inhibition has a more potent effect in Her2 positive and
TNBC cells. Therefore, we used MDA-MB-231 cells and the
patient derived TNBC cell line MBCDF-B4 (Esparza-Lopez et al.,
2016) for further experiments.

Pak1 and CaMKIl Combined Inhibition
Suppresses Migration and Invasion in TNBC
Cells

As Pak and CaMKII activation have been strongly associated with
enhanced cell motility and invasion (Arias-Romero and
Chernoff, 2008; Radu et al.,, 2014; Chi et al.,, 2016), we next
tested the effects of these small molecule inhibitors on these
processes. First, using a wound-healing model and a transwell, we
found that a sub-lethal dose of FRAX-1036 or KN93 reduced the
motility of MDA-MB231 cells (Figures 6A,B) and MBCDF-B4
cells (Supplementary Figures S3A,B). Moreover, the
coadministration of both inhibitors drastically reduced the
migration of both cell lines. Notably, the MBCDF-B4 were
much more sensitive to the combined inhibition of Pak and
CaMKII than MDA-MB-231 cells (Supplementary Figures
S3A,B). Next, we performed cell-tracking analyses in order to
determine the directional movement and speed of cells treated

with Pak and CaMKII inhibitors alone or in combination. We
observed that cells treated with FRAX-1036 or KN93 migrate
slower than control cells. However, cells co-treated with both
inhibitors remained viable, but did not migrate. In addition, the
ratio of accumulated distance and velocity was dramatically
reduced in the cells co-treated with anti-Pak and anti-CaMKII
agents (Figure 6C; Supplementary Figure S3C).

In order to define the role of Pak and CaMKII in the invasive
potential of TNBC cells, we used the invadopodia assay, where the
areas of gelatin degradation were co-localized with actin puncta
as markers of invadopodia formation (Md Hashim et al., 2013).
We found that pharmacological inhibition of either Pak or
CaMKII in MDA-MB-231 cells resulted in a 50% reduction in
invadopodia formation compared to control cells, where as the
combined inhibition of these kinases resulted in a more
pronounced effect (Figures 5D,E). The role of Pak kinases
and Rho GTPases in invadopodia formation in breast cancer
cells has been extensively documented (Nakahara et al., 2003;
Ayala et al., 2008). However the role of CaMKII in this cellular
event is unknown. Since CaMKII promotes neurite extension
through the activation of the small GTPase RhoA in hippocampal
neurons (Fink et al., 2003), we hypothesized that CaMKII might
promote cytoskeletal rearrangements in TNBC cells in a
RhoA-dependent manner. To determine whether CaMKII
inhibition impairs RhoA activity in TNBC cells, we performed
a RhoA G-LISA activation assay (Figure 6F). Our results indicate
that MDA-MB-231 cells treated with FRAX-1036 had a 30%
reduction of RhoA activity compared to control cells. In contrast,
MDA-MB-231 cells treated with KN93 had more than 60%
reduction in RhoA activity. Surprisingly, the combined
inhibition of Pak and CaMKII had similar effects in terms of
RhoA activity reduction than the inhibition of CaMKII alone.
Altogether, our results suggest that a Pak/CaMKII/RhoA axis is
important for migration and invasion of TNBC cells.

Inhibition of Tumor Growth by
Small-Molecule Inhibitors of Pak and
CaMKIl

We next proved the effects of these small-molecule inhibitors on the
growth of MDA-MB-231 in a xenograft setting. MDA-MB-231 cells
were xenografted to BALB/c-nu/nu mice and tumors were allowed
to form for 10 days. The mice were then treated with vehicle, Pak
inhibitor FRAX-1036, CaMKII inhibitor KN93, or FRAX-1036 plus
KN93, for 12 days. Tumor volumes were measured with a digital
caliper every 3days, at which time the animals were culled.
Treatment with either FRAX-1036 or KN93 had a marked
negative effect on tumor growth, yielding tumors of about one-
half the volume of tumors in untreated animals. Interestingly,
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FIGURE 7 | Inhibition of Pak and CaMKIl impedes the tumorigenicity of triple negative breast cancer cells. MDA-MB-231 cells were injected into the flanks of BALB/
¢-nu/nu mice. Ten days after innoculation, the animals were treated with vehicle or inhibitors for 12 days. (A) and (B) Volumetric changes in tumor size between untreated
mice (vehicle) and mice treated with inhibitors, data presented as mean + SEM. (C) Average tumor size of untreated mice (vehicle) and mice treated with inhibitors, data
presented as mean + SEM. (D) Changes in the weight of the mice on treatment relative to the initial weight, data presented as mean + SEM. (E) Representative
example of tumor sections between untreated mice and mice treated with Pak inhibitor; CaMKIl inhibitor and a combination of Pak and CaMKIl inhibitors stained for
PCNA, Cleaved Caspase-3, phospho-Pak1 and phospho-CaMKIl.
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animals treated with the combined Pak and CaMKII inhibitors
showed a dramatic effect on tumor growth yielding tumors of less
than one-third the volume of tumors in untreated mice (Figures
7A-C). All therapies were well tolerated, with weight of drug- and
vehicle-treated mice not significantly differing (Figure 7D).

We then analyzed the effect of Pak and CaMKII targeted therapy
in xenograft tumors by IHC. Our results revealed that FRAX-1036
treatment prevented cell-cycle progression and induced apoptosis
(Figure 7E). Consistent with our previous observations (Figure 5;
Supplementary Figure S2C) and previous reports (Yuan et al,
2007), KN93, had a cytostatic effect, without any detectable changes
in Caspase-3 activity when compared to the vehicle group. In
contrast, when coadministered, the inhibitors blocked cell-cycle
progression and caused extensive apoptosis (Figure 5E).
Together, our results provide evidence that dual inhibition of
Pakl and CaMKII may be useful for the treatment of TNBC.

DISCUSSION

Recent evidence suggests that Pakl plays an important role in the
development and progression of human breast cancer (Kanumuri
et al., 2020; Kumar et al., 2020). For example, pakl gene is
commonly amplified, and its elevated expression has been is
associated with tamoxifen-resistant disease (Holm et al., 2006). In
addition, recent reports indicate that Pakl overexpression is
associated with poor prognosis in a number of different solid
tumors, with higher Pakl expression linked to poor outcome
including shortened progression free and overall survival (Fang
etal., 2016). However, the molecular mechanisms that explain the
contribution of Pakl and its downstream targets to breast
carcinogenesis are not completely understood.

In this study, we identified CaMKII as a new Pakl substrate in
breast cancer cells. This conclusion is supported by the ability of
Pakl to phosphorylate in vitro the residues T277 and T287 located in
the regulatory domain of CaMKII, and to co-localize and interact
with it in co-immunoprecipitation assays. Furthermore, our results
indicate that Pakl and CaMKII expression is correlated in human
breast cancer specimens, and our analysis of the METABRIC study
showed significantly worse overall survival in breast cancer patients
with co-expression of Pakl and CaMKIL Correspondingly, we
observed that combined inhibition of Pakl and CaMKII has a
potent synergistic effect in Her2 positive and TNBC cells in vitro,
and may represent an attractive therapeutic target for the treatment
of breast cancer. The synergistic effect observed in Her2 positive cells
was not surprising, due to the fact that Pakl is an essential mediator
of Her2 signaling in mammary tumors, and some reports suggest
that combined inhibition of Pakl and some other relevant
oncogenes such as BCR-ABLI1, Akt, f-catenin and Aurora A
might be useful for treating cancers driven by oncogenes for
which Pakl is thought to be an obligate signaling element (Arias-
Romero et al,, 2013; Walsh et al., 2013; Flis et al., 2019; Korobeynikov
et al, 2019). However, since TNBC represents a challenge for
clinicians due to its poorer prognosis, lack of targeted therapies
and high mortality in comparison to other breast cancer subtypes,
we decided to examine the effects of Pak and CaMKII combined
inhibition in the survival of TNBC cells. To date, there are few
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studies about the role of PAK1 in TNBC. Recently, Shi et al. (2021)
showed that sphingosine kinase 2 (SphK2) promotes metastasis of
TNBC cells through a Pakl/LIMK1/Cofilin signaling pathway (Shi
et al,, 2021). In addition, targeting Pakl with liposomes containing
the allosteric Group I Paks inhibitor, IPA-3, reduced cell viability and
induced apoptosis in metastasic in TNBC cells (Najahi-Missaoui
et al, 2020). Given the roles of Pakl and CaMKII in regulating
cytoskeletal rearrangements (Fink et al., 2003; Arias-Romero et al.,
2010), and that small-molecule inhibitors targeting both Pak and
CaMKII impairs cell migration in several types of cancer (Dai L.
et al., 2015; Chen et al., 2017; Semenova et al., 2017; Araiza-Olivera
et al,, 2018; Chow et al,, 2018; Korobeynikov et al.,, 2019; Najahi-
Missaoui et al., 2020; Sim et al., 20205 Shi et al., 2021), we speculated
that the combined inhibition of these two kinases may have more
adverse effects in cell motility and invasion than the monotherapy
against any of these enzyme in TNBC cells. Our results indicate that
co-administration of Pak and CaMKII inhibitors impairs not only
the intrinsic migratory behavior of TNBC cells, but their capability to
form invadopodia and subsequently degrade gelatin matrix. The
invadopodia assay has been extensively used as an indicator of the
invasive potential of cancer cells. The role of Pakl during invadopodia
formation and maturation has been described (Gasparski et al., 2019),
and although the involvement of CaMKII in this cellular event is
unknown, it is well documented that CaMKII activity promotes actin
polymerization and neurite outgrowth in a RhoA dependent-manner
(Fink et al, 2003), suggesting that in our model, invadopodia
formation may be regulated in part by a Pakl/CamKII/RhoA
signaling pathway. Finally, the results of our xenograft setting
showed a significant delay in tumor growth when the mice were
treated with small-molecule inhibitors of Pak and CaMKIL Overall,
our results suggest that combined inhibition of Pak and CaMKII may
provide a new therapeutic strategy for the treatment of TNBC.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: EGAC00001000484. The data of the phospho-
antibody microarray presented in this study are deposited in the
GEO repository, accession number GSE192492.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Fox Chase Cancer Center Institutional Review
Board. The patients/participants provided their written informed
consent to participate in this study. The animal study was
reviewed and approved by The Institutional Animal Care and
Use Committee (IACUC) of CINVESTAYV.

AUTHOR CONTRIBUTIONS

HS-C, OV-C,CW, JC, RH-R and LA-R conceptualized the
studies. HS-C, OV-C, 10, FS, MM-A, CR-P, AV-S, GP-L
and PB-D designed experiments and analyzed the data.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 759259


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Saldivar-Cerodn et al.

SH-Y provided pathological expertise. ML-M provided
bioinformatics input. AZ-D, AL-D-R, AL-S, LP-M, MI-
S and JE-L provided reagents and troubleshooting
expertise. HS-C, OV-C and LA-R wrote and edited the
manuscript.

FUNDING

This work was supported by grants from Consejo Nacional de
Ciencia y Tecnologia (CONACyT) CB 252444 and from
UNAM (PAPIIT IN213218 and IN211022) to LA-R. HS-C
was supported by CONACyT doctoral fellowship 588927.

REFERENCES

Alekseenko, A., Ignatov, M., Jones, G., Sabitova, M., and Kozakov, D. (2020).
Protein-Protein and Protein-Peptide Docking with ClusPro Server. Methods
Mol. Biol. 2165, 157-174. doi:10.1007/978-1-0716-0708-4_9

Araiza-Olivera, D., Feng, Y., Semenova, G., Prudnikova, T. Y., Rhodes, J., and
Chernoff, J. (2018). Suppression of RAC1-Driven Malignant Melanoma by
Group A PAK Inhibitors. Oncogene 37, 944-952. doi:10.1038/0onc.2017.400

Arias-Romero, L. E., and Chernoff, J. (2008). A Tale of Two Paks. Biol. Cel 100,
97-108. doi:10.1042/BC20070109

Arias-Romero, L. E., Villamar-Cruz, O., Huang, M., Hoeflich, K. P., and Chernoff, J.
(2013). Pakl Kinase Links ErbB2 to p-Catenin in Transformation of Breast
Epithelial Cells. Cancer Res. 73, 3671-3682. doi:10.1158/0008-5472.CAN-12-4453

Arias-Romero, L. E., Villamar-Cruz, O., Pacheco, A., Kosoff, R,, Huang, M.,
Muthuswamy, S. K., et al. (2010). A Rac-Pak Signaling Pathway Is Essential
for ErbB2-Mediated Transformation of Human Breast Epithelial Cancer Cells.
Oncogene 29, 5839-5849. doi:10.1038/0nc.2010.318

Ayala, I, Baldassarre, M., Giacchetti, G., Caldieri, G., Teté, S., Luini, A, et al.
(2008). Multiple Regulatory Inputs Converge on Cortactin to Control
Invadopodia Biogenesis and Extracellular Matrix Degradation. J. Cel Sci.
121, 369-378. doi:10.1242/jcs.008037

Beeser, A., Jaffer, Z. M., Hofmann, C., and Chernoff, J. (2005). Role of Group A
P21-Activated Kinases in Activation of Extracellular-Regulated Kinase by
Growth Factors. J. Biol. Chem. 280, 36609-36615. doi:10.1074/jbc.M502306200

Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H., et al. (2000).
The Protein Data Bank. Nucleic Acids Res. 28, 235-242. doi:10.1093/nar/28.1.235

Chen, W., An, P., Quan, X.-],, Zhang, J., Zhou, Z.-Y., Zou, L.-P,, et al. (2017). Ca2+/
calmodulin-dependent Protein Kinase II Regulates colon Cancer Proliferation
and Migration via ERK1/2 and P38 Pathways. WJG 23, 6111-6118. doi:10.3748/
wjg.v23.i33.6111

Chi, M., Evans, H,, Gilchrist, J., Mayhew, J., Hoffman, A., Pearsall, E. A,, et al.
(2016). Phosphorylation of Calcium/calmodulin-Stimulated Protein Kinase II
at T286 Enhances Invasion and Migration of Human Breast Cancer Cells. Sci.
Rep. 6, 33132. doi:10.1038/srep33132

Chow, H. Y., Dong, B., Valencia, C. A, Zeng, C. T,, Koch, J. N, Prudnikova, T. Y.,
etal. (2018). Group I Paks Are Essential for Epithelial- Mesenchymal Transition
in an Apc-Driven Model of Colorectal Cancer. Nat. Commun. 9, 3473.
doi:10.1038/s41467-018-05935-6

Dagliyan, O., Karginov, A. V., Yagishita, S, Gale, M. E., Wang, H,
DerMardirossian, C., et al. (2017). Engineering Pakl Allosteric Switches.
ACS Synth. Biol. 6, 1257-1262. doi:10.1021/acssynbio.6b00359

Dai, L., Zhuang, L., Zhang, B., Wang, F., Chen, X, Xia, C,, et al. (2015a). DAG/
PKCS and IP3/Ca2+/CaMK IIf Operate in Parallel to Each Other in PLCy1-
Driven Cell Proliferation and Migration of Human Gastric Adenocarcinoma
Cells, through Akt/mTOR/S6 Pathway. IJMS 16, 28510-28522. doi:10.3390/
ijms161226116

Dai, X,, Li, T., Bai, Z,, Yang, Y., Liu, X., Zhan, J., et al. (2015b). Breast Cancer
Intrinsic Subtype Classification, Clinical Use and Future Trends. Am. J. Cancer
Res. 5, 2929-2943.

Pak1-CaMKII Signaling in Cancer

ACKNOWLEDGMENTS

We thank Salvador Ramirez-Jiménez (Programa de Investigacion de
Cancer de Mama/Banco de Células del Instituto de Investigaciones
Biomédicas, Universidad Nacional Auténoma de México) for tissue
culture technical assistance and Unidad de Microscopia Avanzada
INCan-RAI-UNAM for assistance in random migration analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.759259/
full#supplementary-material

Debnath, J., Muthuswamy, S. K., and Brugge, J. S. (2003). Morphogenesis and
Oncogenesis of MCF-10A Mammary Epithelial Acini Grown in Three-
Dimensional Basement Membrane Cultures. Methods 30, 256-268.
doi:10.1016/S1046-2023(03)00032-X

Desta, I. T., Porter, K. A., Xia, B., Kozakov, D., and Vajda, S. (2020). Performance
and its Limits in Rigid Body Protein-Protein Docking. Structure 28,
1071-1081.¢3. doi:10.1016/j.5tr.2020.06.006

Esparza-Lopez, J., Ramos-Elias, P. A., Castro-Sdnchez, A., Rocha-Zavaleta, L.,
Escobar-Arriaga, E., Zentella-Dehesa, A., et al. (2016). Primary Breast Cancer
Cell Culture Yields Intra-tumor Heterogeneous Subpopulations Expressing
Exclusive Patterns of Receptor Tyrosine Kinases. BMC Cancer 16, 740.
doi:10.1186/512885-016-2769-0

Fang, F., Pan, |, Li, Y.-P,, Li, G., Xu, L.-X,, Su, G.-H,, et al. (2016). p21-activated
Kinase 1 (PAK1) Expression Correlates with Prognosis in Solid Tumors: A
Systematic Review and Meta-Analysis. Oncotarget 7, 27422-27429.
doi:10.18632/oncotarget.8320

Fink, C. C,, Bayer, K.-U., Myers, J. W, Ferrell, J. E., Schulman, H., and Meyer, T.
(2003). Selective Regulation of Neurite Extension and Synapse Formation by
the B but Not the a Isoform of CaMKIIL. Neuron 39, 283-297. doi:10.1016/
S0896-6273(03)00428-8

Flis, S., Bratek, E., Chojnacki, T., Piskorek, M., and Skorski, T. (2019). Simultaneous
Inhibition of BCR-ABLI Tyrosine Kinase and PAK1/2 Serine/Threonine
Kinase Exerts Synergistic Effect against Chronic Myeloid Leukemia Cells.
Cancers 11, 1544. doi:10.3390/cancers11101544

Gasparski, A. N, Wilson, J. T., Banerjee, A., and Beningo, K. A. (2019). The Role of
PAK1 in the Maturation of Invadopodia during Transient Mechanical
Stimulation. Front. Cel Dev. Biol. 7, 269. doi:10.3389/fcell.2019.00269

Higuchi, M., Onishi, K., Kikuchi, C., and Gotoh, Y. (2008). Scaffolding Function of
PAK in the PDK1-Akt Pathway. Nat. Cel Biol 10, 1356-1364. doi:10.1038/
ncb1795

Holm, C., Rayala, S., Jirstrom, K., Stdl, O., Kumar, R., and Landberg, G. (2006).
Association between Pakl Expression and Subcellular Localization and
Tamoxifen Resistance in Breast Cancer Patients. J. Natl. Cancer Inst. 98,
671-680. doi:10.1093/jnci/djj185

Kanumuri, R., Saravanan, R, Pavithra, V., Sundaram, S., Rayala, S. K, and
Venkatraman, G. (2020). Current Trends and Opportunities in Targeting
P21 Activated kinase-1(PAK1) for Therapeutic Management of Breast
Cancers. Gene 760, 144991. doi:10.1016/j.gene.2020.144991

Korobeynikov, V., Borakove, M., Feng, Y., Wuest, W. M., Koval, A. B., Nikonova,
A. S, etal. (2019). Combined Inhibition of Aurora A and P21-Activated Kinase
1 as a New Treatment Strategy in Breast Cancer. Breast Cancer Res. Treat. 177,
369-382. doi:10.1007/s10549-019-05329-2

Kozakov, D., Beglov, D., Bohnuud, T., Mottarella, S. E., Xia, B., Hall, D. R,, et al.
(2013). How Good Is Automated Protein Docking? Proteins 81, 2159-2166.
doi:10.1002/prot.24403

Kozakov, D., Hall, D. R,, Xia, B., Porter, K. A., Padhorny, D., Yueh, C,, et al. (2017).
The ClusPro Web Server for Protein-Protein Docking. Nat. Protoc. 12,
255-278. doi:10.1038/nprot.2016.169

Krieger, E., and Vriend, G. (2015). New Ways to Boost Molecular Dynamics
Simulations. J. Comput. Chem. 36, 996-1007. doi:10.1002/jcc.23899

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 759259


https://www.frontiersin.org/articles/10.3389/fcell.2021.759259/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.759259/full#supplementary-material
https://doi.org/10.1007/978-1-0716-0708-4_9
https://doi.org/10.1038/onc.2017.400
https://doi.org/10.1042/BC20070109
https://doi.org/10.1158/0008-5472.CAN-12-4453
https://doi.org/10.1038/onc.2010.318
https://doi.org/10.1242/jcs.008037
https://doi.org/10.1074/jbc.M502306200
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.3748/wjg.v23.i33.6111
https://doi.org/10.3748/wjg.v23.i33.6111
https://doi.org/10.1038/srep33132
https://doi.org/10.1038/s41467-018-05935-6
https://doi.org/10.1021/acssynbio.6b00359
https://doi.org/10.3390/ijms161226116
https://doi.org/10.3390/ijms161226116
https://doi.org/10.1016/S1046-2023(03)00032-X
https://doi.org/10.1016/j.str.2020.06.006
https://doi.org/10.1186/s12885-016-2769-0
https://doi.org/10.18632/oncotarget.8320
https://doi.org/10.1016/S0896-6273(03)00428-8
https://doi.org/10.1016/S0896-6273(03)00428-8
https://doi.org/10.3390/cancers11101544
https://doi.org/10.3389/fcell.2019.00269
https://doi.org/10.1038/ncb1795
https://doi.org/10.1038/ncb1795
https://doi.org/10.1093/jnci/djj185
https://doi.org/10.1016/j.gene.2020.144991
https://doi.org/10.1007/s10549-019-05329-2
https://doi.org/10.1002/prot.24403
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1002/jcc.23899
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Saldivar-Cerodn et al.

Krieger, E., and Vriend, G. (2014). YASARA View-Molecular Graphics for All
Devices-From Smartphones to Workstations. Bioinformatics 30, 2981-2982.
doi:10.1093/bioinformatics/btu426

Kumar, R, Paul, A. M., Amjesh, R., George, B., and Pillai, M. R. (2020).
Coordinated Dysregulation of Cancer Progression by the HER Family and
P21-Activated Kinases. Cancer Metastasis Rev. 39, 583-601. doi:10.1007/
§10555-020-09922-6

Mao, K., Kobayashi, S., Jaffer, Z. M., Huang, Y., Volden, P., Chernoff, J., et al. (2008).
Regulation of Akt/PKB Activity by P21-Activated Kinase in Cardiomyocytes.
J. Mol. Cell Cardiol. 44, 429-434. doi:10.1016/j.yjmcc.2007.10.016

Marcotte, R., and Muller, W. J. (2008). Signal Transduction in Transgenic Mouse
Models of Human Breast Cancer-Implications for Human Breast Cancer.
J. Mammary Gland Biol. Neoplasia 13, 323-335. doi:10.1007/s10911-008-9087-3

Md Hashim, N. F., Nicholas, N. S., Dart, A. E., Kiriakidis, S., Paleolog, E., and Wells,
C. M. (2013). Hypoxia-induced Invadopodia Formation: a Role for 3-PIX. Open
Biol. 3, 120159. doi:10.1098/rs0b.120159

Najahi-Missaoui, W., Quach, N. D., Somanath, P. R, and Cummings, B. S. (2020).
Liposomes Targeting P21 Activated Kinase-1 (PAK-1) and Selective for
Secretory Phospholipase A2 (sPLA2) Decrease Cell Viability and Induce
Apoptosis in Metastatic Triple-Negative Breast Cancer Cells. Ijms 21, 9396.
doi:10.3390/ijms21249396

Nakahara, H., Otani, T., Sasaki, T., Miura, Y., Takai, Y., and Kogo, M. (2003).
Involvement of Cdc42 and Rac Small G Proteins in Invadopodia Formation of
RPMI7951 Cells: Cdc42 and Rac Regulate Invadopodia Formation. Genes to
Cells 8, 1019-1027. doi:10.1111/j.1365-2443.2003.00695.x

Ong, C. C,, Gierke, S., Pitt, C,, Sagolla, M., Cheng, C. K., Zhou, W, et al. (2015).
Small Molecule Inhibition of Group I P21-Activated Kinases in Breast Cancer
Induces Apoptosis and Potentiates the Activity of Microtubule Stabilizing
Agents. Breast Cancer Res. 17, 59. d0i:10.1186/s13058-015-0564-5

Radu, M., Semenova, G., Kosoff, R., and Chernoff, J. (2014). PAK Signalling during
the Development and Progression of Cancer. Nat. Rev. Cancer 14, 13-25.
doi:10.1038/nrc3645

Rellos, P., Pike, A. C. W., Niesen, F. H,, Salah, E., Lee, W. H., von Delft, F., et al.
(2010). Structure of the CaMKII§/Calmodulin Complex Reveals the Molecular
Mechanism of CaMKII Kinase Activation. Plos Biol. 8, €1000426. doi:10.1371/
journal.pbio.1000426

Sells, M. A., Knaus, U. G., Bagrodia, S., Ambrose, D. M., Bokoch, G. M., and
Chernoff, J. (1997). Human P21-Activated Kinase (Pakl) Regulates Actin
Organization in Mammalian Cells. Curr. Biol. 7, 202-210. doi:10.1016/
$0960-9822(97)70091-5

Semenova, G., Stepanova, D. S., Dubyk, C., Handorf, E., Deyev, S. M., Lazar, A. J.,
et al. (2017). Targeting Group I P21-Activated Kinases to Control Malignant
Peripheral Nerve Sheath Tumor Growth and Metastasis. Oncogene 36,
5421-5431. doi:10.1038/0nc.2017.143

Shi, W., Ma, D., Cao, Y., Hu, L., Liu, S., Yan, D, et al. (2021). SphK2/S1P Promotes
Metastasis of Triple-Negative Breast Cancer through the PAKI/LIMK1/
Cofilinl Signaling Pathway. Front. Mol. Biosci. 8, 598218. do0i:10.3389/
fmolb.2021.598218

Siegel, R., DeSantis, C., Virgo, K., Stein, K., Mariotto, A., Smith, T., et al. (2012).
Cancer Treatment and Survivorship Statistics, 2012. CA: A Cancer ]. Clinicians
62, 220-241. doi:10.3322/caac.21149

Sim, K. M,, Lee, Y.-S., Kim, H. J., Cho, C.-H,, Yi, G.-S., Park, M.-]., et al. (2020).
Suppression of CaMKIIP Inhibits ANO1-Mediated Glioblastoma Progression.
Cells 9, 1079. doi:10.3390/cells9051079

Singh, S., Singh, H., Tuknait, A., Chaudhary, K., Singh, B., Kumaran, S, et al. (2015).
PEPstrMOD: Structure Prediction of Peptides Containing Natural, Non-natural and
Modified Residues. Biol. Direct 10, 73. doi:10.1186/s13062-015-0103-4

Sumi, M., Kiuchi, K., Ishikawa, T, Ishii, A., Hagiwara, M., Nagatsu, T, et al. (1991).
The Newly Synthesized Selective Ca2+calmodulin Dependent Protein Kinase II

Pak1-CaMKII Signaling in Cancer

Inhibitor KN-93 Reduces Dopamine Contents in PC12h Cells. Biochem.
Biophysical Res. Commun. 181, 968-975. doi:10.1016/0006-291x(91)92031-e

Sung, H., Ferlay, ]., Siegel, R. L., Laversanne, M., Soerjomataram, I, Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71,
209-249. doi:10.3322/caac.21660

Vajda, S., Yueh, C,, Beglov, D., Bohnuud, T., Mottarella, S. E., Xia, B., et al. (2017).
New Additions to the C Lus P Ro Server Motivated by CAPRI. Proteins 85,
435-444. doi:10.1002/prot.25219

Vivar-Sierra, A., Araiza-Macias, M. ], Herndndez-Contreras, J. P., Vergara-
Castafeda, A., Ramirez-Vélez, G., Pinto-Almazan, R, et al. (2021). In Silico
Study of Polyunsaturated Fatty Acids as Potential SARS-CoV-2 Spike Protein
Closed Conformation Stabilizers: Epidemiological and Computational
Approaches. Molecules 26, 711. doi:10.3390/molecules26030711

Walsh, K., McKinney, M. S., Love, C,, Liu, Q., Fan, A,, Patel, A,, et al. (2013). PAK1
Mediates Resistance to PI3K Inhibition in Lymphomas. Clin. Cancer Res. 19,
1106-1115. doi:10.1158/1078-0432.CCR-12-1060

Wang, H.,, Zou, L., Ma, K, Yu, J., Wu, H,, Wei, M,, et al. (2017). Cell-specific
Mechanisms of TMEMI16A Ca2+-Activated Chloride Channel in Cancer. Mol.
Cancer 16, 152. doi:10.1186/s12943-017-0720-x

Wang, J., Wu, J.-W.,, and Wang, Z.-X. (2011). Structural Insights into the
Autoactivation Mechanism of P21-Activated Protein Kinase. Structure 19,
1752-1761. doi:10.1016/j.5tr.2011.10.013

Yuan, K., Chung, L. W. K,, Siegal, G. P., and Zayzafoon, M. (2007). a-CaMKII
Controls the Growth of Human Osteosarcoma by Regulating Cell Cycle
Progression. Lab. Invest. 87, 938-950. doi:10.1038/labinvest.3700658

Zapata-Tarres, M., Juarez-Villegas, L. E., Maldonado-Valenzuela, A., Baay-
Guzman, G. J., Lopez-Perez, T. V., Cabrera-Muioz, L., et al. (2019).
Expression of YY1 in Wilms Tumors with Favorable Histology Is a Risk
Factor for Adverse Outcomes. Future Oncol. 15, 1231-1241. doi:10.2217/
fon-2018-0764

Zhao, Z.-s., Manser, E., Loo, T.-H., and Lim, L. (2000). Coupling of PAK-
Interacting Exchange Factor PIX to GIT1 Promotes Focal Complex
Disassembly. Mol. Cel Biol 20, 6354-6363. doi:10.1128/MCB.20.17.6354-
6363.2000

Zhou, F.-F,, Xue, Y., Chen, G.-L., and Yao, X. (2004). GPS: a Novel Group-Based
Phosphorylation Predicting and Scoring Method. Biochem. Biophysical Res.
Commun. 325, 1443-1448. doi:10.1016/j.bbrc.2004.11.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Saldivar-Cerén, Villamar-Cruz, Wells, Oguz, Spaggiari, Chernoff,
Patifio-Lopez, Huerta-Yepez, Montecillo-Aguado, Rivera-Pazos, Loza-Mejia, Vivar-
Sierra, Brisefio-Diaz, Zentella-Dehesa, Leon-Del-Rio, Lopez-Saavedra, Padierna-
Mota, Ibarra-Sdnchez, Esparza-Lopez, Herndndez-Rivas and Arias-Romero. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 759259


https://doi.org/10.1093/bioinformatics/btu426
https://doi.org/10.1007/s10555-020-09922-6
https://doi.org/10.1007/s10555-020-09922-6
https://doi.org/10.1016/j.yjmcc.2007.10.016
https://doi.org/10.1007/s10911-008-9087-3
https://doi.org/10.1098/rsob.120159
https://doi.org/10.3390/ijms21249396
https://doi.org/10.1111/j.1365-2443.2003.00695.x
https://doi.org/10.1186/s13058-015-0564-5
https://doi.org/10.1038/nrc3645
https://doi.org/10.1371/journal.pbio.1000426
https://doi.org/10.1371/journal.pbio.1000426
https://doi.org/10.1016/s0960-9822(97)70091-5
https://doi.org/10.1016/s0960-9822(97)70091-5
https://doi.org/10.1038/onc.2017.143
https://doi.org/10.3389/fmolb.2021.598218
https://doi.org/10.3389/fmolb.2021.598218
https://doi.org/10.3322/caac.21149
https://doi.org/10.3390/cells9051079
https://doi.org/10.1186/s13062-015-0103-4
https://doi.org/10.1016/0006-291x(91)92031-e
https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/prot.25219
https://doi.org/10.3390/molecules26030711
https://doi.org/10.1158/1078-0432.CCR-12-1060
https://doi.org/10.1186/s12943-017-0720-x
https://doi.org/10.1016/j.str.2011.10.013
https://doi.org/10.1038/labinvest.3700658
https://doi.org/10.2217/fon-2018-0764
https://doi.org/10.2217/fon-2018-0764
https://doi.org/10.1128/MCB.20.17.6354-6363.2000
https://doi.org/10.1128/MCB.20.17.6354-6363.2000
https://doi.org/10.1016/j.bbrc.2004.11.001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	p21-Activated Kinase 1 Promotes Breast Tumorigenesis via Phosphorylation and Activation of the Calcium/Calmodulin-Dependent ...
	Introduction
	Materials and Methods
	Antibodies and Reagents
	DNA Constructs and siRNA
	Cell Culture
	Phospho-specific Protein Microarray Analysis
	Model of the Binding Complex of the Pak1 and Pak2 Kinase Domain and CaMKIIγ Peptide I and II
	Tissue Microarray (TMA)
	Immunohistochemistry
	Digital Imaging Analysis
	Immunofluorescence and Image Analysis
	Immunoblotting and Co-Immunoprecipitation
	Wound Healing Assay
	Transwell Migration Assay
	Random Migration Assay
	Invadopodia Assay
	Tumor Xenografts
	Statistics

	Results
	CaMKII Is a Novel Substrate of Pak1
	Pak1 Interacts With CaMKII
	Pak1 and CaMKII Are Coordinately Overexpressed in Human Breast Cancer Samples
	In vitro Synergy Between Pak and CaMKII Inhibitors
	Pak and CaMKII Combined Inhibition Suppresses Proliferation and Induces Apoptosis in 3D Cell Cultures of Breast Cancer Cells
	Pak1 and CaMKII Combined Inhibition Suppresses Migration and Invasion in TNBC Cells
	Inhibition of Tumor Growth by Small-Molecule Inhibitors of Pak and CaMKII

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


