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ABSTRACT

P21-activated kinases (PAK) regulate processes associated with cytoskeleton dynamics. PAK
expression in leukemia cells was measured on protein and mRNA levels. In functional assays,
we analyzed the effect of PAK inhibitors IPA-3 and FRAX597 on cell adhesivity and viability. PAK2
was dominant in cell lines, whereas primary cells also expressed comparable amount of PAK1
transcription isoforms: PAK1-full and PAK1A15. PAK1A15 and PAK2 levels correlated with surface
density of integrins 31 and aVp3. PAK1-full, but not PAK2, was present in membrane protrusions.
IPA-3, which prevents PAK activation, induced cell contraction in semi-adherent HEL cells only.

ARTICLE HISTORY
Received 26 August 2020
Revised 27 November 2020
Accepted 21 December 2020

KEYWORDS

PAK; acute myeloid
leukemia; AML; cell
adhesion; ECIS; IRM

FRAX597, which inhibits PAK kinase activity, increased cell-surface contact area in all leukemia
cells. Both inhibitors reduced the stability of cell attachment and induced cell death.

Background

Binding of hematopoietic stem and progenitor cells to
the extracellular matrix of the bone marrow (BM) pro-
vides important intracellular signals, which regulate
multiple processes, including self-renewal, prolifera-
tion, and differentiation of these cells. In leukemia,
interaction with the BM microenvironment promotes
resistance to chemotherapy and survival of malignant
cells [1,2]. Acute myeloid leukemia (AML) is still asso-
ciated with high mortality, which is due in particular to
relapses from chemotherapy-resistant leukemia stem
cells. Interference with adhesion signaling could release
these cells from their niches and enhance the efficiency
of chemotherapy. However, in contrast to adherent cell
types, adhesion signaling in stem hematopoietic/leuke-
mia cells is not well described. Cell-matrix contact
points are formed by large protein complexes similar
to those of immature focal adhesions occurring in
adherent cell types [3]. Leukemia cell adhesion struc-
tures lack typical markers of mature focal adhesions,
such as talin, paxillin, and vinculin. They are not con-
nected to actin fibers, and are in general more dynamic
than focal adhesions in adherent cells.

P21-activated kinases (PAK) regulate diverse processes
involving cytoskeletal rearrangements, such as cell adhesion
and migration, cell division, or cell-cell interactions. They
are considered as therapeutic targets in different cancer
types including hematological malignancies [4-9].

A possible role of PAK in tumorigenesis has been reviewed
[10] with a focus on PAK1 and PAK4.

In adherent cells, the switch between adherent and
migratory phenotype largely depends on the activity of
c-Src, and at least one of the six known PAK family mem-
bers, PAK1, is an important c-Src downstream effector
[11-14]. However, the role of other members of the PAK
family in mediating c-Src regulatory effects in adherent cells
is not clear. PAKI belongs to a group of proteins with
serine/threonine kinase activity as well as with non-kinase
functions, and PAK group I includes three proteins (PAK1
to PAK3) with high sequence homology. At least one of
them, PAK?2, directly interacts with c-Src according to
Human Protein Reference Database [15]. Phosphorylation
by Src was also shown to prime PAK2 for activation by
small GTPases [16].

We have found previously that the stability of adhe-
sion structures in leukemia cells is not significantly
affected by c-Src inhibition [17], probably due to the
lack of their connection to actin fibers. On the other
hand, we and others have shown that PAKs are
required for leukemia cell binding to fibronectin, and
also for their survival [5,18]. PAK3 is only found in
a few cell types, but PAK2 is ubiquitously expressed,
and it was reported to have important roles in hema-
topoietic cells [19-22]. PAK group I are also involved
in leukemogenesis driven by aberrantly activated pro-
tein kinases [23-25]. Despite virtually identical
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substrate specificity of PAK1 and PAK2 kinase domains
[26], these proteins have at least partly non-redundant
functions [27,28]. In addition, PAK1 has many tran-
scription isoforms, and at least two of them are trans-
lated (NCBI Reference Sequence NM_001128620.2 and
NM_001376273.1). We have recently described their
protein products, the full-length PAK1 (PAKI-full)
and a shorter isoform, PAKI1A15, formed from alter-
natively spliced mRNA lacking the exon 15. In adher-
ent cells, PAK2 and PAKIAl5 were enriched in
adhesion sites, whereas PAK1-full was required for
cell spreading [29]. Moreover, all these PAK isoforms
form homo- and heterodimers and likely regulate each
other [29].

Given the importance of cell-matrix interactions for
leukemia persistence, we aimed to analyze in more
detail the role of PAK in leukemia cell adhesion. In
this work, we analyzed PAK group I expression in
leukemia cell lines and in primary cells of AML
patients, and we correlated these data with cell adhe-
sivity to fibronectin as well as with expression of
selected integrins. To determine the type of PAK activ-
ity (kinase or non-kinase), which is required for cell-
matrix interaction and for cell survival, we compared
the effects of two PAK inhibitors with different
mechanisms of action, IPA-3 and FRAX597. Changes
in cell binding to a fibronectin-coated surface were
monitored in real-time using electric cell-substrate
impedance sensing (ECIS). This method allowed us to
detect differences in the acute cell response to IPA-3
versus FRAX597. The cell-surface contact area was
visualized by interference reflection microscopy
(IRM). We combined these analyses with measurement
of adherent cell fraction (ACF), which is indicative of
the stability of cell attachment.

Methods
Cell isolation and culture

OCI-AML3, OCI-AML2, MV4-11, KG-1, and Kasumi-
1 cell lines were purchased from DSMZ (Germany),
HL-60 cells from ECACC (Salisbury, UK). After
receipt, the cells were shortly expanded and aliquots
were cryopreserved for later use. Freshly thawed ali-
quots were used for experiments without authentica-
tion. HEL cells were obtained as a gift and
authenticated using analysis of short tandem repeats,
the results were compared with ATCC database. The
cell line MOLM-7 (not commercially available) was
obtained from the laboratory of origin [30]. The major-
ity of cell lines were cultured in RPMI-1640 medium
with 10% fetal calf serum (FCS), 100 U/ml penicillin,
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and 100 pg/ml streptomycin at 37°C in 5% CO, humi-
dified atmosphere, except for OCI-AML2 and OCI-
AML3 (alpha-MEM medium, 20% FCS), and Kasumi-
1 (RPMI medium, 20% FCS).

Primary cells from AML patients were obtained
from leukapheresis at diagnosis. All patients provided
their written informed consent as to the use of their
biological material for research purposes, in accordance
with the Helsinki Declaration. The project was
approved by the Ethics Committee of the Institute of
Hematology, and all experiments were performed in
accordance with relevant guidelines and regulations.
The leukapheretic products were diluted 20-fold in
phosphate-buffered saline (PBS) and the mononuclear
cell fraction was then separated using Histopaque-1077
(Sigma, #H8889). Analysis by flow cytometry (CD45/
SSC dotplots) confirmed a high prevalence of leukemia
blasts in mononuclear cell samples.

Chemicals and antibodies

Fibronectin fragment (120 kDa cell attachment region)
was from Merck (F1904).

IPA-3 (#3622) and PIR3.5 (#4212) were purchased
from Tocris Bioscience and dissolved in sterile dimethyl-
sulfoxide (DMSO) to make 50 mM stock solutions.
Working solutions were prepared by 10-fold dilution of
the stock solution in 50 mM Tris, pH 8.0, immediately
before use. FRAX597 (§7271) and dasatinib (S1021) were
obtained from SelleckChem, stock solutions were made
in DMSO at 10 mM or 200 uM concentration, respec-
tively, and diluted in culture media immediately before
use. In all experiments, the cell density was adjusted to
3 x 10” cells/ml prior to treatment with inhibitors.

The antibodies used were the following: PAK1 (Cell
Signaling, #2602), PAK1 (Abcam, ab223849), PAK2 (Ab-
cam, #ab76293), PAKI1 (phosphoS144)+PAK2 (phos-
phoS141)+PAK3 (phosphoS139) (Abcam, #ab40795), B-
actin (Sigma-Aldrich, A5441), CD45-V450 (BD Biosci-
ences, #560367), CD34-BV786 (BD Biosciences, #743
534), Integrin P1-AlexaFluor647 (Abcam, ab193592),
Integrin aVP3-FITC (Abcam, ab93513). All PAK antibo-
dies were previously characterized using siRNA [29].

Real-time polymerase chain reaction

RNA from 2 x 10 cells was isolated using the RNeasy
Mini Kit (Qiagen, Venlo, Netherlands), cDNA was
generated by reverse transcription on CFX96 real-time
system (BioRad) using SensiFAST ¢cDNA Synthesis Kit
(Bioline, London, UK). Template RNA and resulting
cDNA quality and concentration were assessed using
the ND-1000 Nanodrop system (Thermo Fisher
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Scientific, Waltham, MA, USA). The relative amount of
PAK transcript variants was measured by quantitative
real-time PCR (qPCR) using SensiFAST SYBR No-
ROX Kit (Bioline) and calculated using Bio-Rad CFX
Manager Software. Primers were designed to target the
full-length PAK1 (transcript variant 1, NCBI RefSeq
NM_001128620.2), PAK1A15 (transcript variant 8,
NCBI  RefSeq NM_001376273.1), and PAK2
(NM_002577.4). The sequences of the primer pairs
were the following: PAKI full-length: forward GCT
ACAGGTGAGAAAACTGAGG, reverse CTCACAG
AAGGCTTGGCACA, PAKIA15: forward GAGCT
GCTACAGCATCAATTCC, reverse GCAAGGAGA
AGAGGGCATCA, PAK2: forward CCCTTGAGGGCC
TTGTACCT, reverse CGGTTTGGCCAGTTTCAGGA.
For the relative quantification by 27**“* method,
GAPDH expression was measured as a reference,
using GAAACTGTGGCGTGATGGC and CCGTTCA
GCTCAGGGATGAC as the forward and reverse pri-
mer, respectively. The primers were designed to work
at identical conditions, which allowed us to perform
PCR reactions for all PAK variants simultaneously.
The PrimerBLAST tool predicts additional PAK1
transcript variants to be detected by the designed pri-
mer pairs for PAKI1-full and PAK1AI15. All the five
alternative transcript variants for PAKI-full encode
the same protein product with 553 aminoacids. Also,
two-thirds (16 of 24) of alternative transcripts for
PAKI1AL15 share the coding sequence with the reference
variant NM_001376273.1, which encodes a protein
consisting of 545 aminoacids. The remaining protein
variants, which could be produced from eight alterna-
tive PAKIA15 transcripts, differ in their N-terminal
parts, whereas the C-terminal part, which constitutes
the difference between PAKI1-full and PAK1A15, is
conserved. The primers thus correctly reflect the rela-
tive abundance of PAK1 variants lacking the exon 15,
and thus resembling to PAK2 at their C-terminal part
[29,31]. PAK2 primers should only detect the full-
length PAK2 transcript, and no cross-recognition was
predicted between PAK1 and PAK2 primers.

Western-blotting

The cells were pelleted by centrifugation and lysed for
30 min/4°C in modified RIPA lysis buffer (50 mM
HEPES; 0.15 M NaCl; 2 mM EDTA; 0.1% NP-40;
0.05% sodium deoxycholate) with freshly added pro-
tease and phosphatase inhibitors. Cellular debris was
removed by centrifugation (16000 g/4°C/15 min), the
lysate was mixed 1:1 (v/v) with 2x Laemmli sample
buffer and incubated for 5 min at 95°C. Alternatively,

the cell pellets were lysed directly in Laemmli sample
buffer, with very similar results.

An equivalent of 20 ug of total protein was resolved
on 7.5% polyacrylamide gel (18 x 18 cm) and trans-
ferred to a nitrocellulose membrane. The membrane
was incubated with primary antibodies for 1 h at the
room temperature, in 3% BSA in PBS with 0.1%
Tween-20 (PBST), washed in PBST six times, and incu-
bated with corresponding HRP-conjugated secondary
antibodies for 1 h. Chemiluminiscence signal was
developed by Clarity Western ECL Substrate (BioRad,
#170-5060), and detected and analyzed using G:BOX
iChemi XT-4 (Syngene).

Flow-cytometry

To characterize primary mononuclear cell preparations,
cells were stained with the appropriate antibodies for
30 min at 5°C, washed once in PBS, and analyzed on
a BD Fortessa flow cytometer. The debris was outgated,
and blasts and lymphocytes were discriminated in
CD45 versus side scatter (SSC) dotplots. CD34 and
integrin expression were determined from the cells in
the blast gate, as it was described previously [32].

To determine the intracellular amount of FRAX597,
we used the fluorescence intensity in the Pacific blue
channel (405/450 nm) measured from aliquots of cell
line samples without further processing. The mean
fluorescence intensity of control (untreated) samples
was used as the background and subtracted from the
measured values of treated samples.

Assessment of apoptotic/necrotic cell fraction

Annexin V/propidium iodide staining was performed
in leukemia cell lines using a standard protocol after
5 h incubation with inhibitors. Primary cell viability
was measured by propidium iodide exclusion test
from aliquots of cell suspensions without further
processing.

Adherent cell fraction (ACF) measurement

The end-point method for assessment of cellular adhe-
sivity to fibronectin-coated surface has been described
previously [33]. Briefly, the cells (3 x 10* in 100 pl)
were seeded into fibronectin-coated wells of
a microtitration plate and incubated at 37°C. Then,
the suspension was aspirated and the wells were washed
with PBS/Ca®*/Mg**. The remaining cells were quanti-
fied by means of fluorescent labeling (CyQuant Cell
Proliferation Assay Kit, Molecular Probes, #C7026).
The adherent cell fraction (ACF) was calculated



reporting the fluorescence signal from the fibronectin-
coated plate to the signal obtained from a reference
plate containing the total cell number.

Electric cell-substrate impedance sensing (ECIS)

Impedance measurements were performed using the
ECIS Z0 device (Applied Biophysics). The wells of an
8W10E+ plate were hydrated overnight in culture med-
ium, washed with sterile water, filled with 150 ul FN
solution (20 pg/ml in 0.15 M NaCl), incubated for
30 min at the room temperature or overnight at 5°C,
washed with RPMI medium without calf serum and filled
with 200 pl medium with serum. After electrode stabili-
zation, the baseline was monitored for at least 1 h before
addition of cells (1.2 x 10’ per well). In the first setting,
200 pl of cell suspension was added to the wells and the
cell attachment was monitored for about 1.5 h prior to
inhibitor addition. In the second setting, the medium was
removed and 400 pl of cell suspension pretreated with
inhibitors was added. One of the wells in each plate was
left empty (medium only) and the signal from this well
was used as a baseline for the other wells. The instrument
automatically decomposes the impedance signal into
resistance and capacitance. The ECIS records were
exported to Excel and processed using the GraphPad
Prism software: the background was set to zero at
a time point shortly before cell seeding, and the baseline
(empty well) was subtracted. The signals shown in the
graphs represent the averages from two identically trea-
ted wells, which were run in parallel.

Cell transfection and confocal microscopy

Plasmids coding for fluorescently labeled PAK isoforms
were prepared as described previously [29]. MOLM-7
cells (6 x 10°) were transfected using the Neon™ transfec-
tion system (1325 V, 10 ms, 3 cycles) and 0.5 pg of DNA.
The transfected cells were cultured for 24 h in RPMI med-
ium without antibiotics, incubated for 1 h on fibronectin-
coated coverslips, and localization of PAK1-full and PAK2
was analyzed by fluorescence microscopy (FV-1000 con-
focal microscope, Olympus).

For analysis of changes in the cell-surface contact
area, cells were incubated for 90 min on fibronectin-
coated surface, treated for 30 min with 10 pM
FRAX597, and analyzed in the interference reflec-
tion mode. The measurement was performed by
means of FV-1000 confocal microscope (Olympus),
using the 405 nm laser beam and focusing on the
glass surface.
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Statistical analyses

Statistical evaluation of experimental results was per-
formed using the GraphPad Prism 7 software. The
p-value limit for statistically significant differences
between groups was set to 0.05.

Results
PAK expression in leukemia cells

PAK expression was analyzed using previously character-
ized antibodies against PAK1, PAK2, or the autophosphor-
ylation site pSer144/141 on PAK1/PAK?2, respectively [29].
The band pattern obtained from leukemia cells was similar
to that from adherent cells: PAK2 antibody recognizes
a dominant band at 60 kDa, whereas PAK1 is detected in
several bands in the range from 64 to 67 kDa (Figure 1). The
bands of the full-length PAK1 (PAKI-full) and of the
shorter isoform PAKI1A15, which were exogenously
expressed in HEK-293T cells, are shown in the first two
lanes of Figure 1(a). Each PAK1 isoform gives rise to several
western-blot bands, probably due to yet unknown post-
translational modification(s). In addition, the apparent
molecular weight (MW) of PAK1 is slightly modified by
multiple phosphorylation [29]. It was thus not possible to
attribute the individual endogenous bands to individual
PAK1 isoforms. The extent of phosphorylation at
pSer144/141 depends on PAK1/PAK2 kinase activity. As
we have reported previously [29], the exogenous PAK1
forms are predominantly unphosphorylated. Figure 1(b)
shows PAK expression in AML-derived cell lines in com-
parison with primary mononuclear cells from AML
patients. In general, the amount of phosphorylated PAK1
(pPAK1) compared to pPAK2 was higher in primary cells.
MW of PAK1 bands was essentially the same, but the bands
at the highest MW were often more intense in primary
samples. Figure 1(c) documents low PAKI1/pPAK1 and
high PAK?2 levels found in MOLM-7 cell line, which was
derived from a patient with chronic myeloid leukemia.

PAKI-full and PAK1A15 can be distinguished at the
transcript level and we performed the analysis both in
leukemia cell lines and in primary cells.

Both PAKI-full and PAK1A15 transcripts were more
abundant in primary cells (Figure 2(b)) compared to
cell lines (Figure 2(a)), whereas PAK2 levels were simi-
lar. PAK1AI15 variants were expressed at significantly
higher levels than PAKI1-full (Figure 2(c)).

PAK intracellular localization

We have previously uncovered differences in intracel-
lular localization of PAK group I isoforms in adherent
cell lines [29]. PAK1A15 and PAK2 were enriched in
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Figure 1. PAK protein expression in leukemia cells. PAK total protein levels and phosphorylation at Ser144/141 of PAK1/PAK2 was
assessed in cell lysates from leukemia cell lines, primary AML cells and HEK-293 T cells transfected with plasmids for exogenous
expression of the full-length PAK1 or PAK1A15. A: The exogenously expressed PAK1 is shown in the first two lanes for comparison of
the specific PAK1-full and PAK1A15 bands with the endogenous bands from leukemia cell lines. B: Comparison of PAK bands in AML
cell lines (first four lanes) with those in primary AML samples. C: PAK expression in the cell lines, that were further studied in detail.

B-actin was used as a loading control.

adhesion structures, whereas PAK1-full was found in
membrane protrusions at the cell periphery. The work
with leukemia cells was more challenging due to a very
low fraction of cells suitable for microscopic analysis.
Cell transfection with plasmids encoding fluorescently
labeled PAK largely altered cell viability and adhesivity
to fibronectin, although no problem occurred with
a control GFP-only plasmid. Nevertheless, in cells

with normal morphology and with both green and red
fluorescence signals, the images were in line with our
previous findings. Leukemia cells do not form mature
focal adhesions and the distribution of PAK1-full and
PAK2 was rather uniform. However, the signal from
PAKI1-full was clearly present in thin membrane pro-
trusions, which did not contain PAK2 (representative
examples are given in Figure 3).
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Figure 2. Transcript levels for PAK1-full, PAK1A15, and PAK2 in leukemia cell lines and in primary cells. (a)-(b) Values for the
individual PAK isoforms normalized to GAPDH in cell lines (a) and in primary cells from 45 AML patients (b). Green closed circles:
PAK1-full, red open circles: PAK1A15, blue squares: PAK2. (c) Summary results for PAK1-full and PAK1A15, expressed as relative to
PAK2 levels. Differences between the two PAK1 isoforms and between cell lines and primary cells were assessed using standard two-

tailed t-test: ** p less than 0.01, **** p less than 0.0001.

Inhibitor characterization

Previous reports indicated that PAK inhibition by
a specific compound, IPA-3, was associated with apop-
tosis induction [5] as well as with loss of adhesivity to

fibronectin in leukemia cell lines [18]. We compared
the effect of IPA-3 to that of FRAX597, which has
different mechanism of action: IPA-3 binds to PAK in
their inactive conformation and prevents activation by
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allosteric changes [34], whereas FRAX597 competes
with ATP and inhibits PAK kinase activity [35], pre-
sumably without affecting non-kinase functions. PIR3.5
is a structural isomer of IPA-3 with no inhibitory
activity against PAK [34], and it is usually used as
a negative control compound to check for possible
nonspecific effects, such as reactive oxygen species gen-
eration by IPA-3. The efficiency of IPA-3 depends on
the cell density, and we thus adhered to identical con-
ditions in all experiments: the cell suspension was
diluted to 3 x 10> cells/ml at the time point of IPA-3
treatment. Dasatinib was included as a potent inhibitor
of kinases of the Src family, which are known to reg-
ulate some of PAK functions, at least in adherent
cells. It was used at a high (100 nM) concentration
inducing a rapid and complete inhibition of Src
kinase activity [17].

The efficiency of IPA-3 and FRAX597 in inhibiting
PAK kinase activity was compared using the extent of
dephosphorylation at Ser144/141 after 1 h cell treat-
ment (examples are given in Supplementary Figure S1).
In agreement with our previous results in adherent cells
[29], one of the phospho-PAK1 bands, denoted as
pPAKI1-low, was reduced at lower IPA-3 doses than

the others. The intensity of pPAKI-low in the cell
lines decreased by at least 90% after 1 h treatment
with 20 uM IPA-3, whereas the other bands were
much less reduced (Figure 4, left). In MOLM-7 cells,
only PAK2 phosphorylation was evaluated as the inten-
sity of pPAK1 bands was very low (Figure 1(c)). IPA-3
treatment was associated with extensive cell death in
many cell lines (Figure 5 and Supplementary Fig. S2)
and we thus set the maximal IPA-3 concentration to
50 uM. As we expected, FRAX597 was more efficient in
reducing Ser144/141 phosphorylation and its effect was
similar for all PAK forms (Figure 4, right). EC50 was
2 uM or less for all the studied cell types, including
primary cells. For subsequent experiments, we used
IPA-3 and PIR3.5 at 20 and 50 pM, and FRAX597 at
2 and 10 pM.

Inhibitor toxicity

Toxicity of the inhibitors was determined after 5 h treat-
ment (Figure 5(a,b), Supplementary Figure S2). Although
increased numbers of apoptotic cells were observed after
PIR3.5 treatment in some cell lines, they were in general
lower compared to samples treated with IPA-3, and the

Figure 3. Intracellular localization of PAK1-full and PAK2 in leukemia cells. MOLM-7 cells were co-transfected with plasmids coding
for fluorescently labeled PAK1-full (mCherry, red) and PAK2 (eGFP, green), seeded on fibronectin, and the subcellular distribution of
the fluorescent proteins was analyzed by confocal microscopy. The experiment was repeated three times, four different representa-

tive cells are shown in the figure. Scale bars: 10 pM.
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Figure 5. Toxicity of inhibitors in leukemia cells. (a) Cell line samples were treated with IPA-3, PIR3.5, FRAX597, or dasatinib for 5 h, and the
amount of apoptotic/necrotic cells was assessed by Annexin V/propidium iodide (PI) staining. Black parts: early apoptotic cells (Annexin
V-positive, Pl-negative), gray parts: late apoptotic/necrotic cells (Pl-positive). Representative examples from at least two independent
experiments for each cell line. A summary of values for Pl-positive cell fraction after 5 h treatment is given in the Supplementary Fig. S2.
(b) Viability of primary AML cells after 5 h treatment with inhibitors was assessed by propidium iodide staining. The graph shows individual
values from experiments with cells from five different AML patients, the means and the standard deviations. The difference between controls
and samples treated with 10 pM FRAX597 was statistically significant (p less than 0.01 from standard paired two-tailed t-test). (c) Histogram of
cell fluorescence intensity in the Pacific blue channel obtained from OCI-AML3 cells treated for 5 h with 10 uM FRAX597. More examples are
given in Supplementary Fig. S3. (d) Cells were treated for 22 h with 2 or 10 uM FRAX597, and their viability was assessed by propidium iodide
staining. Left: viability in the whole cell population, right: viability in cells with high FRAX597 content (gated in the Pacific blue channel). White
bars: controls, gray bars: 2 uM FRAX597, black bars: 10 uM FRAX597. The graphs show means and standard deviations from 3 to 5 independent
experiments for each cell line. Paired t-test was used to assess statistical significance of the difference between treated samples and the
corresponding controls (* p < 0.05, ** p < 0.01, *** p < 0.001).



toxic effects of IPA-3 can thus be ascribed mostly to PAK
inhibition. In the cell lines, FRAX597 usually induced less
cell death than IPA-3 at the 5 h time point (Figure 5(a)), but
the dead cell fraction increased after 22 h (Figure 5(d), left).
On the other hand, primary cells were much more sensitive
to FRAX597 than to IPA-3 (Figure 5(b)). No cytotoxic
effects were detected after cell treatment with 100 nM
dasatinib.

We have noted markedly increased fluorescence signal
in the Pacific blue channel in samples treated with
FRAX597. FRAX597 fluorescence allowed us to follow the
amount of this inhibitor in individual cells using flow
cytometry. The distribution was largely heterogeneous,
with at least two distinct subpopulations in all cell lines.
An example of histogram for OCI-AMLS3 cells treated for
5 h with 10 uM FRAX597 is shown in Figure 5(c), histo-
grams for other cell lines and for primary cells are given in
Supplementary Figure S3A, resp. S3B. Correlation of
FRAX597 signal with that of propidium iodide showed
that although the dead cell fraction contained more
FRAX597-high cells compared to live cells, both FRAX597-
low and FRAX597-high subpopulations were present
among dead cells (Supplementary Figure S3C). Cell death
was thus induced even in cells with low FRAX597 content.
On the other hand, not all the cells with high FRAX597
content were dead after 22 h (Figure 5(d), right), cell lines
with lower pPAK1 levels (MOLM-7, KG-1, Kasumi-1, see
Figure 1) being more resistant to FRAX597 treatment.

Monitoring of cell-surface interaction by impedance
measurement (ECIS)

To study the impact of PAK inhibition on cell-surface
adhesion, we compared three cell lines with specific proper-
ties. OCI-AMLS3 cells were selected to represent AML
blasts. Among AML cell lines, they have a high adhesivity
to FN (about 80%) and a high PAK1 and pPAKI content
(Figure 1(b)). MOLM-7 cells have high PAK?2 levels (both
transcript and protein, Figures 2 and 1(c)) and low-to-
undetectable pPAK1. HEL cells express a similar amount
of PAK as OCI-AML3 (Figure 1(c)), but they are known to
be semi-adherent [36,37] and differ from other leukemia
cells in that they form more mature adhesion structures,
which are regulated by Src kinase activity and by cytoske-
letal tension [17].

Cell interaction with fibronectin was monitored by
a noninvasive real-time method based on impedance mea-
surement, ECIS (Electric Cell-Substrate Impedance
Sensing). Changes of capacitance at high frequencies
mainly reflect changes in the surface coverage, i.e. indicate
the part of the surface that is covered with the cell mem-
branes. At lower frequencies, the signal also depends on the
proximity of the cell membrane to the surface. This
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indicates how tightly the cells are attached. In our experi-
ments, the signal of resistance at low frequencies usually
roughly mirrored the signal of capacitance at high frequen-
cies (Supplementary Figure S4). However, the signal-to-
noise ratio was higher and the changes induced by the
inhibitors were more clear in the resistance at low frequen-
cies. The resistance at 2 kHz was thus used to monitor the
changes in cell interaction with the coated surface, in two
different settings: the cells were either seeded into wells and
treated after about 1.5 h, or pretreated for 1 h with the
inhibitors and then seeded into FN-coated wells. Figure 6
shows representative records obtained for HEL (panel (a))
and OCI-AML3 cells (panel (b)) in these two settings.
Similar results were obtained in repeated experiments (at
least three for each cell line and condition).

In agreement with the adherent-like phenotype, HEL
cell response to IPA-3 or FRAX597 was similar to that of
adherent HEK-293 T cells [29]. In the first setting (Figure 6
(a), upper row), a fast dose-dependent decrease of the
resistance signal was induced by IPA-3, but not by
FRAX597. Subsequently, a slower increase was observed
at subtoxic IPA-3 doses, but not at 50 uM IPA-3. In con-
trast, FRAX597 addition resulted in a fast increase in the
signal. In the pretreatment setting (Figure 6(a), bottom
row), IPA-3 slowed down HEL cell attachment and reduced
the amplitude of the signal, whereas FRAX597-pretreated
cells attached as rapidly as the controls. On the other hand,
no resistance drop was detected in OCI-AMLS3 cells after
treatment with up to 20 M IPA-3 and the signal progres-
sively increased (Figure 6(b), top left). The effect of
FRAX597 addition was similar to that in HEL cells
(Figure 6(b), top right). As we have reported earlier, the
fast drop upon IPA-3 treatment in adherent and semi-
adherent cells was associated with cell contraction [18,29].
Microscopic examination of OCI-AML3 cells treated with
FRAX597 confirmed that the increase in ECIS signal was
due to an increase in the cell-surface contact area (Figure 7).
Closely similar results were obtained for MOLM-7 cells
(Supplementary Fig. S5), which have low levels of PAK1/
pPAKI.

The slow increase in the ECIS signal observed after
IPA-3 addition to OCI-AML3 cells could be at least
partly due to cell death induced by the treatment
(Figure 5(a)). Nevertheless, cell pretreatment with the
pan-caspase inhibitor Q-VD-OPh (10 pM, added
30 min before IPA-3 treatment), which fully prevents
caspase activation and apoptotic cell death, did not alter
ECIS signal evolution (Supplementary Figure S6).

Adherent cell fraction measurement (ACF)

The stability of cell attachment to FN was evaluated by
means of measurement of the adherent cell fraction
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Figure 6. Effect of PAK inhibitors on cell interaction with fibronectin. Interaction of HEL (panel (a)) or OCI-AML3 (panel (b)) with
a fibronectin-coated surface was monitored through impedance measurement (ECIS). The cells were either allowed to adhere and
subsequently treated with inhibitors (top images), or pretreated with inhibitors and seeded to coated wells (bottom images). The
arrows mark the time of inhibitor addition. Untreated controls are represented by black lines. Left column: IPA-3 at 5-10-20-50 uM
(orange-green-red-blue) and dasatinib 100 nM (magenta), right column: FRAX597 at 2-10 pM (blue-red). Representative records
from at least 3 repeated experiments for each condition. The lines are means of two replicate wells, which were run in parallel.

(ACF) after 1 h incubation on FN and subsequent wash.
Figure 8 shows the effect of 1 h IPA-3 pretreatment for cell
lines (panel (a)) and for primary cells (panel (b)). With
regard to the heterogeneity of primary samples, we always

assessed the phosphorylation status of Ser144/141 in these
cells in parallel. Figure 8(b) shows that ACF (solid lines) is
usually well correlated with the extent of PAK2 phosphor-

ylation at Ser141 (dashed lines).
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Figure 7. Microscopic analysis of cell-surface contact area in OCI-AML3 cells treated with FRAX597. OCI-AML3 cells were seeded on
fibronectin-coated slide, incubated for 90 min and then treated for 30 min with 10 uM FRAX597. The cell parts closely adjacent to
the surface were imaged using the interference reflection measurement. Representative slide sections are shown for control (top)
and FRAX597-treated cells (bottom). Scale bar: 10 um. Quantification of the cell-surface contact area from control cells (N = 184 cells
from 3 biological replicates) and from cells treated with FRAX597 (N = 152 from 3 biological replicates) is shown on the right side,
p < 0.0001 for the difference between the two groups by the standard two-tailed t-test.

The effect of IPA-3 was then compared with that of
PIR3.5, FRAX597, and dasatinib (Figure 9). Except for
MOLM-7 cells, IPA-3 treatment was associated with
significant ACF drop whereas PIR3.5 had no or mild
effect. Primary cells were somewhat more sensitive to
all inhibitors compared to cell lines, i.e. lower concen-
trations were sufficient to induce comparable changes
(Figure 9(b)).

FRAX597-induced changes in flow-cytometry
scattergrams

Changes in cell morphology are often reflected in flow-
cytometry scattergrams. We indeed noted that
FRAX597 treatment altered flow cytometry scatter-
grams in all cell lines tested as well as in primary
cells. An increase in side scatter (SSC) values was
detected already after 1 h cell treatment with 2 uM
FRAX597 (Supplementary Figure S7), and lasted for at
least 24 h.

Correlation between PAK mRNA levels and CD34/
integrin expression

Liu et al. reported different roles for PAKI-full and
PAKIA15 in melanoma cell invasivity [38], which is
usually associated with weaker cell-substrate adhesion.
However, we found no clear correlation between PAK
expression and AML cell adhesivity (Supplementary
Figure S8), although cells with very high adhesivity

tend to have lower PAKI-full/PAK1A15 ratio. On the
other hand, we noted a trend for negative correlation
of this ratio with expression of CD34, a marker of
stem and progenitor cells (Supplementary Figure S8,
bottom).

Cell adhesion to fibronectin is mainly mediated by
the integrins a4Pl, a5B1, and aVP3, and we have
recently described the expression of p1 and of aVp3
integrins on primary AML cells in different AML sub-
types [32]. Correlation of integrin expression with PAK
transcript levels showed statistically significant positive
linear correlation of PAK1A15 and of PAK2, but not of
the full-length PAK1 transcript, with both f1 and aV3
mean surface density (Supplementary Figure S9).

Discussion

Importance of PAK group | members in leukemia
cells compared to adherent cells

PAKI is a known mediator of c-Src, which promotes
the epithelial-to-mesenchymal transition, adhesion
structure dynamics, and cell movement in adherent
cells. In cancer, Src activity is often associated with
tumor invasivity, metastasis formation, and worse
prognosis [39]. PAK1 is involved in many different
processes, including formation of membrane protru-
sions [40,41], focal adhesion turnover [11-13], or reg-
ulation of cell contractility [42-45], although the
individual functions were not attributed to specific
PAK]1 isoforms. Our recent results suggested that the
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Figure 9. Effect of cell pretreatment with IPA-3, PIR3.5, FRAX597, or dasatinib on the adhered cell fraction (ACF). The cells were
treated for 1 h with the indicated inhibitor and then seeded to fibronectin. The fraction of attached cells was determined
fluorometrically after 1 h incubation. (a) Summary results from 3 to 8 repeated experiments for each cell line, ACF is given as
per cent of the corresponding controls. The bars show the means and standard deviations. (b) Absolute ACF values from individual
experiments with different primary AML cells. Differences between treated samples and the corresponding controls were evaluated
using the standard paired t-test. * p less than 0.05, ** p less than 0.01, *** p less than 0.001, **** p less than 0.0001.

full-length PAKI1 mediates formation of membrane
protrusions and enables spreading of adherent cells
[29]. On the other hand, the isoform PAKI1A15 is to
some extent functionally similar to PAK2, and both
PAK1A15 and PAK2 are found in focal adhesions and

can thus play a role in formation, maturation, and/or
disassembly of adhesion structures.

Leukemia cells do not form mature focal adhesions, but
the full-length PAK1 was present in membrane protru-
sions also in this cell type (Figure 3). We have shown
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previously that leukemia cell binding to a fibronectin-
coated surface is not markedly affected by inhibition of
Src kinases, and the Src¢/PAKI axis is thus probably not
important in this process. However, PAK2 was shown to
be specifically required for homing of hematopoietic pro-
genitors to the bone marrow [19]. The importance of
PAK2 in hematopoietic cells is further underlined by the
fact that conditional PAK2 knock-out in hematopoietic
stem cells induced multiple defects in cell differentiation
affecting all the hematopoietic lineages [20].

PAK group | expression in leukemia cells

Due to the complexity of western-blot PAK1 band
pattern, it was not possible to discriminate between
PAKI-full and PAKI1AIS5 at the protein level (Figure 1
(a)). In addition, other transcription variants of PAK1
are annotated, and could also be translated. At the
transcript level, we showed that the alternatively spliced
variant(s) lacking the exon 15 (PAK1A15) is often more
abundant than the full-length PAK1 (Figure 2).
Analysis of PAK transcripts also revealed differences
between leukemia cell lines, which are established
from leukemia stem cells, and bulk primary blasts,
which are a mixture of leukemia stem/progenitor cells
and more differentiated leukemia cells. Figure 2 sug-
gests that PAKI variants, and especially the full-length
PAK]1, could be less expressed in leukemia stem cells
compared to more mature forms. Accordingly, the ratio
of PAKI-full to PAK1A15 transcripts inversely corre-
lated with the fraction of primary cells expressing the
stem and progenitor cell marker CD34 (Supplementary
Figure S8). On the other hand, PAK2 expression was
more homogeneous and showed no difference between
cell lines and primary cells. The prevalence of PAK2 in
leukemia stem cells is in agreement with previous
reports showing important roles for PAK2, but not
for PAK1, in normal hematopoietic stem cells [19,20].

PAK association with integrins

Leukemia cells bind to the extracellular matrix, but the
contact points are more dynamic and their composition
corresponds to immature focal adhesions, which are not
regulated by cytoskeletal tension [3,17]. Accordingly,
adhesion of leukemia cell lines to fibronectin was not
markedly affected by dasatinib, a potent Src kinase inhi-
bitor ([17]; Figure 9). In contrast, dasatinib treatment
lowered ACF in the majority of primary AML cells
(Figure 9(b)), which have higher PAK1 content (Figure
2(c)). Although the stability of AML cell attachment to
fibronectin did not depend on PAK levels
(Supplementary Figure S7), we noted a positive

correlation of PAK1A15/PAK2 transcript with the sur-
face density of integrins (Supplementary Figure S8),
which form the core of cell adhesion structures. This is
in agreement with the localization of PAK1A15/PAK2 in
adhesion structures of adherent cells [29], and indicates
possible involvement of PAK1A15/PAK2 in the outside-
in integrin signaling. Expression and Ser144 phosphor-
ylation of an unspecified PAK1 isoform were indeed
reported to be regulated by aVB3 integrin in adherent
cells [46].

Effect of PAK inhibitors on leukemia cell interaction
with fibronectin

In adherent cells, PAK1 inhibition by IPA-3, or indir-
ectly by dasatinib, leads to rapid cell contraction, which
can be detected through impedance monitoring (ECIS)
[17,29]. A rapid resistance drop after IPA-3 or dasatinib
addition was apparent also for the semi-adherent leu-
kemia cell line HEL (Figure 6(a)), but not for AML-
derived OCI-AML3 cells (Figure 6(b)), despite
a comparable amount of PAK (Figure 1(c)). In contrast,
FRAX597 induced a rapid increase in the resistance
signal in both HEL and OCI-AML3 cell lines (Figure
6, right column), in association with increased cell
spreading (Figure 7). In a previous report about adher-
ent cells, the effects of IPA-3 and FRAX597 were simi-
lar: both inhibitors reduced cell stiffness, increased cell
deformability and inhibited cell migration in 3D matrix
[47]. These consequences were probably mediated by
changes in cell contractility and are thus not very
relevant for leukemia cells. Moreover, in the above-
mentioned work, the effects of inhibitors were tested
after 2 h incubation. Our experiments show that the
immediate cell responses to IPA-3 and FRAX597 are
rather opposite to each other. However, on a longer
time scale, a slow increase in the resistance signal was
present also upon IPA-3 treatment. We suggest that
shortly after inhibitor addition, evolution of ECIS sig-
nal mainly reflects reduction of the kinase activity in
the case of FRAX597 [35], and inhibition of non-kinase
functions in the case of IPA-3 [34]. Later on, a novel
equilibrium is progressively achieved, and both inhibi-
tors are thus expected to alter all PAK functions.
Indeed, IPA-3 also induces PAK dephosphorylation at
Ser144/141 after 1 h treatment, in particular for the
isoform  denoted as pPAKl-low (Figure 4).
Interestingly, an in vitro PAK activation by Cdc42 was
associated with a shift toward higher MW [11,48], and
the lower MW bands thus probably represent less active
PAK forms, which are targeted by IPA-3. HEL cell
contraction upon treatment with IPA-3 (Figure 6(a),
top left) or with dasatinib is not due to inhibition of



PAK kinase activity, as no signal drop was induced by
FRAX597 (Figure 6(a)). On the other hand, acute inhi-
bition of PAK kinase activity is associated with an
increase in the cell-surface contact area in both HEL
and OCI-AML3 cells, and also in MOLM-7 cells
(Supplementary Figure S5), which have very low
pPAKTI level (Figure 1(c)). We thus speculate that the
increased cell spreading is mainly due to inhibition of
PAK2 kinase activity.

In the pretreatment setting (Figure 6(a,b), bottom
graphs), IPA-3 slowed down cell attachment, supporting
the view that PAK are required for formation of adhesion
structures. Pretreatment with FRAX597 did not affect the
attachment rate, and the kinase activity of PAK is thus likely
dispensable for this process. The cells pretreated with
FRAX597 even produced higher ECIS signal due to more
extensive cell spreading (Figure 7). However, despite higher
ECIS signal, FRAX597 did not increase the adherent cell
fraction (ACF, Figure 9). At 2 uM concentration, FRAX597
slightly lowered ACF in some cell lines, but did not prevent
cell binding, confirming that PAK kinase activity is not
required for cell attachment to fibronectin. On the other
hand, IPA-3 pretreatment was associated with dose-
dependent reduction of cell adhesivity to fibronectin
(Figures 8 and 9), despite more moderate effect on PAK
phosphorylation in cell lines (Figure 4). Higher FRAX597
doses also reduced the stability of cell attachment (Figure
9), maybe due to a loss of non-kinase functions of PAK
molecules with completely inhibited kinase domain.
Alternatively, PAK kinase activity might be involved in
adhesion structure stabilization. The dose-dependent
changes of ACF nicely correlated with the extent of PAK2
phosphorylation in primary cells (Figure 8(b)). These facts
are in line with our previous finding that reduction of PAK2
expression by siRNA was associated with slower cell attach-
ment in adherent cells [29].

Effect of PAK inhibitors on leukemia cell survival

In agreement with previous reports [5,18], both IPA-3
and FRAX597 induced cell death in leukemia cells
(Figure 5), with different kinetics in the cell lines and
primary cells. In particular, the toxic effect of FRAX597
was rapid in primary cells, but much slower in cell
lines. This might be associated with higher PAK1 con-
tent in primary cells (Figure 2), but also with inhibition
of other target(s) as FRAX597 is less specific compared
to IPA-3 [35,49]. Interestingly, FRAX597-induced cell
death was also faster in MV4-11 cells (Figure 5(a)),
which have an oncogenic mutation in the FLT3 kinase.
The signaling from FLT3 was reported to be mediated
by focal adhesion kinase (FAK) and PAK1 [23].
FRAX597 distribution within cell populations was
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highly heterogeneous (Figure 5(c), Supplementary
Figure S3), but dead cells were always present also in
the subpopulation with low FRAX597 content
(Supplementary Figure S3C) and relatively low
FRAX597 concentrations are thus sufficient to induce
cell death. In cells treated with higher FRAX597 dose,
the critical intracellular concentration was presumably
achieved in a larger cell fraction, leading to higher
percentage of dead cells in general. However, except
for HEL cells, no increase in the dead cell fraction was
observed at higher FRAX597 dose when only cells with
high FRAX597 content were gated (Figure 5(d), right).
Thus, increasing the intracellular concentration beyond
the critical limit does not enhance FRAX597 toxicity.
Cells with low pPAK1 content (MOLM-7, KG-1,
Kasumi-1) were less sensitive to FRAX597 (Figure 5
(d)), supporting the specificity of the observed effects.
In line with our results, KG-1 cell line was previously
shown to be more resistant to both IPA-3 and
FRAX597 compared to three other AML cell lines [5].

Cell death induction could also contribute to the
observed decrease in ACF, although the latter occurred
quickly after inhibitor addition. PAK2, but not PAK1,
is known to be cleaved during the apoptosis, the result-
ing fragment being constitutively active [50,51]. The
cleaved PAK2 is required for extensive structural
changes in cells undergoing apoptosis [52]. In the case
of IPA-3, a synergy of PAK inhibition with, e.g., oxida-
tive stress generation could contribute to larger inhibi-
tion of cell adhesion, especially in MOLM-7 cells and in
primary AML cells, where the control compound
PIR3.5 also lowered ACF (Figure 9).

Requirement for PAK function in leukemia cells might
also be responsible for the difficulties we experienced in
leukemia cell transfection with plasmids for exogenous
expression of PAK isoforms. Although we obtained
a reasonable yield of viable cells expressing the green fluor-
escent protein (GFP) from the control GFP-only plasmid,
few cells survived after electroporation or nucleofection
with GFP-labeled PAK. In adherent cells, the effect of
PAK overexpression from these plasmids was similar to
that of PAK silencing by siRNA, maybe due to inhibition of
endogenous PAK by dimerization with the exogenous pro-
teins [29]. As the endogenous PAK are necessary for leu-
kemia cell survival, their sequestration by the exogenous
PAK could induce cell death.

FRAX597-induced changes in flow-cytometry
scattergrams

We have also noted a rapid and durable increase in side
scatter (SSC) values after cell treatment with FRAX597
(Supplementary Figure S7). SSC is typically associated
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with cell granularity and, accordingly, FRAX597 was
reported to induce formation of actin clusters in lamel-
lipodia and of membrane-containing objects in the
cytoplasm of adherent cells [47]. However, the nature
of these objects and the mechanism of their formation
are unknown.

Mutual regulation versus specific functions in PAK
group |

Figure 10 aims to place our results in the context of
current knowledge concerning the interplay between dif-
ferent members of PAK group I family, and illustrates
our suggestions as to possible involvement of both kinase
and non-kinase PAK activity in regulation of cell adhe-
sion and survival. PAK1-full, PAK1A15, and PAK2 form
homo- and heterodimers and are thus likely to mutually
regulate their functions [29]. Formation of membrane
protrusions is promoted by kinase-independent function
of PAK1-full [29], but it might be inhibited by PAK2
kinase activity, as FRAX597 increases the cell surface
contact area in MOLM-7 cells with very low pPAK1
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levels (Figure S5). PAK non-kinase activity is required
for adhesion structure assembly, since cell pretreatment
with IPA-3, but not with 2 uM FRAX, prevents cell
binding to fibronectin (Figures 8 and 9). We have
shown previously that both PAK2 and PAK1A15, but
not PAK1-full, localize to adhesion structures in adherent
cell types, and we thus suggest that PAK2 and/or
PAKI1A15, rather than PAKI-full might be involved in
formation of cell-surface contact points. Finally, PAK
inhibition induces cell death in leukemia cells. Cells
with predominant PAK2 expression were more resistant
to PAK inhibitors (Figure 5) and PAK1 inhibition thus
seem to dominate in this effect. In line with this hypoth-
esis, reduction of PAK1, but not of PAK2 levels by means
of sShRNA was previously reported to inhibit cell prolif-
eration in leukemia cell lines [5].

Conclusions

Our results suggest that PAK2 is the most important
member of PAK group I in leukemia cell adhesion to
fibronectin. Although leukemia cells express both
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Figure 10. Scheme illustrating the complex interplay in PAK signaling. PAK1-full, PAK1A15, and PAK2 form homo- and heterodimers.
Some of PAK functions are kinase-dependent, others are not. Blue arrows indicate reported or possible regulation of various cell
processes by individual isoforms and/or domains (kinase versus non-kinase), suggested on the basis of our experimental results (see

description in the text).



PAKI1-full and PAK1A15, these PAK1 isoforms are less
abundant in leukemia cell lines and in more primitive
primary cells, indicating that leukemia stem cells may
express less PAK1 than more differentiated cells.

Although the adhesion structures of leukemia cells
are different from those of adherent cells and are not so
tightly regulated by kinases of the Src family, PAK are
important for interaction of these cells with fibronectin.
The inability to form adhesion points probably contri-
butes to previously reported defects in engraftment of
hematopoietic cells with PAK2 knock-out [19]. Acute
inhibition of PAK kinase function by FRAX597 in
leukemia cells have similar consequences as increased
Src activity in adherent cells, i.e. increased cell spread-
ing and reduced adhesivity to substrates.

PAK are also required for leukemia cell survival, as
PAK inhibition by either IPA-3 or FRAX597 induces
cell death. In particular, cells with higher pPAKI1 con-
tent were more sensitive to FRAX597-induced cell
death, which indicates that PAKI kinase activity
might promote leukemia cell survival.

Due to non-overlapping functions of PAK group
I family members as well as of different PAK domains,
possible therapeutic targeting of PAK will require attribu-
tion of individual functions to specific members and
activities. In this context, knowledge about the PAK family
is still very limited and deserves attention. Tentatively, we
propose a basic scheme, which is consistent with our
experimental results as well as with previous reports
(Figure 10). However, many PAK functions remain to be
associated with specific isoforms and type of activity.
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