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Abstract

Down syndrome (DS) is characterized by the trisomy of chromosome 21 and by cognitive deficits that have been related to
neuronal morphological alterations in humans, as well as in animal models. The gene encoding for amyloid precursor protein
(APP) is present in autosome 21, and its overexpression in DS has been linked to neuronal dysfunction, cognitive deficit,
and Alzheimer’s disease-like dementia. In particular, the neuronal ability to extend processes and branching is affected.
Current evidence suggests that APP could also regulate neurite growth through its role in the actin cytoskeleton, in part by
influencing p21-activated kinase (PAK) activity. The latter effect is carried out by an increased abundance of the caspase
cleavage-released carboxy-terminal C31 fragment. In this work, using a neuronal cell line named CTb, which derived from
the cerebral cortex of a trisomy 16 mouse, an animal model of human DS, we observed an overexpression of APP, elevated
caspase activity, augmented cleavage of the C-terminal fragment of APP, and increased PAK1 phosphorylation. Morpho-
metric analyses showed that inhibition of PAK]1 activity with FRAX486 increased the average length of the neurites, the
number of crossings per Sholl ring, the formation of new processes, and stimulated the loss of processes. Considering our
results, we propose that PAK hyperphosphorylation impairs neurite outgrowth and remodeling in the cellular model of DS,
and therefore we suggest that PAK1 may be a potential pharmacological target.
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Introduction

>4 Pablo Caviedes
peaviedes @ing.uchile.cl Down syndrome (DS) is the chromosomal aneuploidy
that most frequently survives gestation (Hassold and Hunt
2001), and it represents one of the most frequent genetic
disorders, with a prevalence of 14.4/10,000 live births in
the USA in the period 2010 to 2014 (Mai et al. 2019) and

10.1/10,000 live births between 2011 and 2015 in Europe
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(Graaf et al. 2020). DS is caused by the total or partial tri-
somy of chromosome 21 (Antonarakis et al. 1993), which
was fully sequenced by Hattori et al. (2000). Among the
physical alterations in DS patients, we can find an increased
incidence of congenital heart defects (Cullum and Liebman
1969) and acute leukemia in childhood (Krivit and Good
1957; Fong and Brodeur 1987), immune system and endo-
crine alterations, greater risk of reduced bone mineral den-
sity, and type 1 diabetes (Whooten et al. 2018). However,
intellectual disability in DS patients is the most striking
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feature. In addition, these patients undergo early develop-
ment of Alzheimer’s disease (AD) neuropathology and
dementia (Strydom et al. 2018). From the neuropathologi-
cal point of view, morphological alterations are evident in
DS patients, including smaller brain size and occipitofrontal
circumferences, as well as delayed myelination in fibers of
the frontotemporal lobe (Wisniewski et al. 1990). Moreo-
ver, altered dendritic morphology in pyramidal neurons from
the cerebral cortex of DS-old infants (over 4 months old)
has also been documented, namely short basilar dendrites,
decreased number of dendritic spines, and an unusual length
of thin spines (Takashima et al. 1981). Morphological altera-
tions have also been observed in animal models of DS, as
has been described in the cerebral cortex of the Ts65Dn
mouse model, where it has been found that pyramidal cells
have smaller dendrites, with less arborization and fewer
dendritic spines compared to control mice (Dierssen et al.
2003). Other studies have further shown that the axon length
and the number of branches were decreased in hippocam-
pal neurons of Ts65Dn mice in the early postnatal period
(Jain et al. 2020). Similar results were described in human
models such as in patient iPSC-derived neurons (Huo et al.
2018). Taken together, these data provide evidence that the
neuronal architecture is compromised in DS. At present, it
is estimated that the excess gene dosage derived from the
trisomic condition directly or indirectly underlies the del-
eterious effects of DS (Pritchard and Kola 1999).

Clearly, the most striking and limiting feature for per-
sons with DS is intellectual disability. Although efforts have
been made to search for therapeutic targets to address this
dysfunction, these have been insufficient. Indeed, as seen
in the ClinicalTrials.gov webpage, only around 50 trials
are currently active in Down syndrome, and only a handful
address cognitive impairment. More recent studies address-
ing DS-related intellectual disability include pulsatile treat-
ment with GnRH, which reportedly improves cognition in
patients with DS (Manfredi-Lozano et al. 2022), and treat-
ment with green tea extracts containing epigallocatechin-
3-gallate (EGCG), an inhibitor of Dyrkla, in a trisomic DS
mouse model (Ts65Dn) (De Toma et al. 2019; De Toma
et al. 2020). Although these studies have not currently been
successful, they point to the option of targeting cell signaling
pathways that can be related to cognitive function.

Among the genes found in chromosome 21 that are overex-
pressed in DS (Korenberg et al. 1989), which are also related
to dementia and Alzheimer’s-like neuropathology, is that of
the Amyloid Precursor Protein (APP). APP is an integral
membrane protein that comprises a trans-membrane domain,
a large N-terminal ectoplasmic region, and a short cytoplasmic
C-terminal domain. The transmembrane domain includes part
of the AP peptide sequence. The C-terminal of APP is cleaved
by caspase at the aspartate residue 664 (ASP664), generating

a 31 amino acid fragment (C31), which has also been related
to neurotoxicity (Lu et al. 2000, Weidemann et al. 1999).

Apart from its role in neuronal development through extra-
cellular matrix interaction, APP may also play an important
role in neurite outgrowth, by regulating actin cytoskeleton
dynamics through the p21-activated kinases (PAKSs) pathway.
In this regard, a study by McPhie et al. (2003) demonstrated the
interaction of the C-terminal domain of APP with PAK3 in a
region adjacent to the CDC42 and Rac1 binding sites of PAK3.

Furthermore, the platelet-derived growth factor, b-chain
promoter APP (PDAPP) transgenic mouse, an animal model
of AD, exhibits changes in PAK phosphorylation when cas-
pase cleavage is inhibited at the aspartate 664 residue from
the APP C-terminus (Nguyen et al. 2008). PAKSs play a cen-
tral role in cell signaling and are the main kinase effectors of
Rho GTPases belonging to Racl and Cdc42 family (Bokoch
2003; Kreis and Barnier 2009; Manser et al. 1994; Martin
et al. 1995). After being activated by Rac and Cdc42, PAKs
interact directly with LIMK, which in turn phosphorylates
cofilin. The latter, when phosphorylated, inhibits actin depo-
lymerization (Edwards et al. 1999; Pérez-Nufiez et al. 2016).
PAKSs are fundamental in cytoskeleton dynamics during
processes such as cell movement, filopodia formation and
dissolution of focal complexes, actin stress fibers, and focal
adhesions (Manser et al. 1997; Zhou-Shen et al. 1998; Bokoch
2003). Furthermore, mutations in the brain-specific PAK
isoform PAK3 have been found to underlie non-syndromic
mental retardation linked to chromosome X, thus positioning
the PAK pathway as a relevant mechanism in the neuronal
connectivity and hence cognitive function (Allen et al. 1998;
Rousseau et al. 2003). In addition, PAK3 has been associ-
ated with an important role in the formation of dendritic
spines, as well as in the regulation of mechanisms related to
the reorganization of synaptic networks (Kreis et al. 2007;
Dubos et al. 2012).

Then, the interaction between APP and/or its derived pep-
tides might trigger PAKs overactivation, promoting altera-
tions in downstream effectors of PAK such as LIMK and
cofilin, modifying cell cytoskeleton through actin dynamics,
and thus leading to impairments in neuronal development
such as those encountered in AD and DS pathologies.

Considering the alterations observed at the morphologic
level in DS human brains and animal models, it would be
interesting to study whether inhibition of PAK overactiva-
tion restores neurite outgrowth in a cell model of DS where
APP is reportedly overexpressed (Rojas et al. 2008). This
cell model, named CTb, was established from the cerebral
cortex of a mouse with trisomy 16, whereas a control line,
named CNh, was developed from the cerebral cortex of a
normal, euploid littermate (Cardenas et al. 1999). As PAK1
is the most abundantly expressed isoform in CTb and CNh
cells (Pérez-Nudez et al. 2016), we focused on evaluating its
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phosphorylation and the effects of its inhibition on neurite
dynamics. Therefore, in the present work, we evaluated how
the inhibition of PAK1 activity with the specific inhibitor
FRAX 486 influences neurite growth in the trisomic cell
line CTb. We quantified the number and length of neurite
processes by Sholl analysis and further established six algo-
rithms to quantify neurite dynamics. Our studies suggest that
the pharmacological inhibition of PAK hyperphosphoryla-
tion in CTb improves the branching of cell processes.

Materials and Methods
Cell Line Cultures

CTb and CNh cells were maintained in DMEM/F12
(GIBCO, NYSE-TMO) supplemented with 15 mM HEPES,
1 g/l bicarbonate, 40 mg/l gentamicin, and 5 mg/1 ketocona-
zole, 10% (v/v) adult bovine serum, and 2.5% fetal bovine
serum, at 37 °C, 100% humidity, and 5% atmospheric CO?2.
For cell passages, cells were detached with 0.2% trypsin
(Invitrogen, Grand Island, NY) for 5 min at 37 °C.

Cell Differentiation

Cell differentiation was performed by incubating CTb cells
for 72 h with Neurobasal/B27 medium (Gibco, NYSE-TMO),
ketoconazol 5 mg/L, 100 ng/ml basic fibroblast growth factor
(bFGF) (ProSpec-Tany, Ness-Ziona, Israel), and 10 pM for-
skolin (FK) (cat. Ab120058, Abcam, Cambridge, MA, USA),
as previously described (Pérez-Nufiez et al. 2016).

Western Blot

Protein lysis was performed with RIPA (radioimmunopre-
cipitation assay) buffer (150 mM NacCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8.0)
and protease inhibitor tablets (Complete, ultra, mini, EDTA-
free, easy pack, Roche®) and phosphatases (PhosSTOP
Roche, Mannheim, Germany). Sonication was performed for
30 s, and centrifugation at 14,000 rpm for 15 min at 4 °C.
Quantification was performed with a Coomassie reagent/
Bradford protein assay kit (Thermo Scientific™, Rockford,
IL, USA). Then, the protein extract was mixed with loading
buffer 5x (10% SDS, 50% glycerol, 12.5% 2-mercaptoethanol,
0.0010% bromophenol blue, and 312.5 mM Tris 1 M pH 6.8),
electrophoretically separated on a 10% polyacrylamide gel,
and transferred to a polyvinylidene difluoride membrane for
1.5 h at 400 mA. Membrane blocking was performed with 5%
bovine serum albumin (BSA) in phosphate-buffered saline
in (PBS; 137 mM Na(l, 2.68 mM KCl, 10 mM Na,HPO,,
1.76 mM KH,PO,) containing 0.1% Tween-20, and mem-
brane washes were performed with PBS with 0,1% Tween-20.
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Membranes were incubated in MAB 348, anti-APP A4 mono-
clonal antibody against residues 66—81 of APP (N-terminus),
clone 22C11 (Merck Millipore, Darmstadt, Germany) for detec-
tion and quantification of total APP. An anti-beta tubulin anti-
body (TUB 2.1), ab11308 (Abcam) was used for loading con-
trol. Caspase cleavage of the C-terminus of APP was assessed
with the APPAC31 antibody, pAB ENZ-ABS445, (Enzo Life
Sciences, Inc., donated by the Bredesen lab, Buck Institute,
Novato, CA, USA). Phosphorylated PAK1 was determined
with the anti-PAK1 (phospho S204) antibody ab79503 (Abcam).
For the detection of total PAK1, anti-PAK1 antibody ab40852
(Abcam) and for secondary antibody anti-rabbit (HRP) ab6802
(Abcam) were used. The proteins were detected using the chemi-
luminescence kit Super Signal West Pico Chemiluminescent
Substrate (Thermo Scientific, Rockford, IL, USA). Densitomet-
ric analyses were performed with the Image J program (NIH,
Bethesda, USA).

Treatment with FRAX 486

An MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazo-
lium bromide) assay was performed to determine the lethal
dose 50 (LD50) of FRAX 486 (cat. A13691, AdooQ Biosci-
ence, Irvine, CA, USA). A curve was constructed with the
following concentrations in nM: 50, 500, 1000, 5000, 7000,
and 10,000. The viability percentage was determined relative
to control cells using the following formula:
OD of treated cells

% Viability = x 100
o V1abtity OD of control cells

Then, the concentration versus percentage survival curve
was constructed, and the LD50 was calculated.

Measurement of Caspase Activation

The quantification of the activity of total caspases in the cell
lines was carried out with the FAM (carboxyfluorescein)-
FLICA (Fluorescent Labeled Inhibitors of Caspases) in vitro
Caspase Detection Kit (Immunochemistry Technologies,
Davis, CA, USA), according to the manufacturer’s instruc-
tions. CNh and CTb cells were seeded in 60-mm dishes,
and the following day the recommended volume of FLICA
(300 ul for 5x 10° cells/ml) was added to each condition.
Samples were evaluated on a FACSort cytometer (Becton
Dickinson) and analyzed using FlowJo™ v10.4 software
(BD Life Sciences). The analyses were performed with at
least 10,000 events from the total population for each condi-
tion, and the percentage of cells labeled with FLICA within
this population was determined.
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Sholl Analysis

To analyze neurite processes in cultured cells, Sholl analyses
were performed as described by Pérez-Nuiiez et al. (2016)
and were carried out in the cell lines after 72 h of differentia-
tion. Image acquisition was made with an INFINITY X-32C
camera (Lumenera Corporation, Ottawa, Ontario, Canada),
using a Lieder phase-contrast microscope (Model: MI-535),
with a 10X objective. Pseudoimages were first created with
the public domain Image J software (NIH, Bethesda, USA)
to perform the neurite arborization study, and we used the
Neuron J program (Image J plugin, NIH, Bethesda, USA) for
length analysis. Cell arborization was analyzed with a super-
imposed template of concentric rings. The first ring was
set at a distance equivalent to twice the radius of the soma
of each cell analyzed, and the following rings were placed
5 um apart from each other. The number of crossings of
each process and each intersection of a ring with a neurite
was quantified. Neurite length analysis was performed with
the public domain NeuronJ program, in which the length of
each process was measured and then the average length of
neurites was quantified for each cell analyzed.

Table 1 Morphologic parameters evaluated in Sholl analysis cell lines

Neurite Outgrowth Analysis

We evaluated a branching pattern called the branching index
(BI), as described by Garcia-Segura and Pérez-Marquez
(2014). The BI quantifies new processes formed from one
ring to another in Sholl analysis. In other words, it subtracts
the number of crossings in the inner ring (closer to the soma)
from the number of crossings observed in the outer ring
(further from the soma). If the difference between these two
rings (the inner ring and the outer ring) returns a positive
value, it means that the number of crossings from one ring
to another increase, and if the difference between the two
rings gives a negative value, it means that the number of
crossings between one ring and another decreases. To quan-
tify new processes that formed from one ring to another,
negative values were converted to zero, and the positive val-
ues were multiplied by the respective radius in which they
were encountered. The algorithm that defines BI is shown
in Table 1. A high value of Bl in any given cell may be due
to either a greater number of processes and/or a greater dis-
tance of the said processes from the soma.

Algorithms used to evaluate the growth of cellular processes.

BI=) (intersections circlen - intersections circlen-1 )rn

from the soma) minus the number of crossovers in the inner ring (closer to the soma)

Subtracting the number of crossovers that were observed in the outer ring (further

and the positive values were multiplied by the respective radius in which they were
found (Garcia-Segura and Pérez-Marquez 2014).

RBlcellular = d(p)

distance
between
rings

d = distance from the farthest soma at which new processes were created.
P = position of the farthest ring where the cell created processes.

Only takes into account the positive value that was obtained farthest from the soma
for each cell analyzed, this value is transformed into a value of one and then
multiplied by the radius at which it is located and divided by the distance between
the sholl rings, which in this case is five.

12
OBlcellular= Z C(i)
i=1

¢(i) = number of new observable processes in ring i.

Sum of all the positive values obtained from the initial subtraction between rings.

DBI= Y (intersections circlen - intersections circlen-1 )rn

The positive values of initial subtracting are the ones that become zero and the
negative values are kept, then transformed to a positive value and multiplied by the
ring in which the process loss was made.

RDBlceltular= d(p)

distance
between
rings

d = distance from the farthest soma where processes were lost.
P = position of the farthest ring where the cell lost processes.

for each cell analyzed, this value is transformed into a positive value of one and then

Only takes into account the negative value that was obtained farthest from the soma

multiplied by the radius at which it is located and divided by the distance between
the sholl rings, which in this case is five.

12
ODBlceltular = Z C(l)
i=1

¢(i) = number of processes that were lost in ring i.

All the negative values obtained in the initial subtraction between rings, were
transformed into a positive values and then added.
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In this work, we design five new indexes, which were
obtained by modifying the BI index. Thus, we modified the
BI index to yield the radial branching index (RBI), which
quantifies the cell branching capacity away from the soma
independently of the number of new processes created. In
this way, a higher RBI value would indicate a greater capac-
ity of the cell to create new processes far from the soma;
moreover, those cells that coincide in that the creation of
new processes was in the same ring farther from the soma
will have the same RBI value, as can be seen in Table 1.

In contrast to RBI, we used the index called the observed
branching index (OBI) (Table 1) to quantify the ability to
create new processes independent of the distance from the
soma; therefore, all newly formed processes are added inde-
pendently of their distance from the soma; thus, a higher
value of OBI indicates more processes created.

The aforementioned algorithms can help us to identify
the new processes that are formed from one ring to another
in Sholl analysis. However, approximately 60% of the pro-
cess formation data corresponds to zero (BI-RBI-OBI). On
the other hand, approximately 90% of the analyzed cells
obtained negative values when calculating the difference in
crossings between the outer ring and the inner ring. Negative
values indicate that there was a decrease or loss of processes
between one ring and another; that is, it can provide us with
valuable information on how the cell branched, regardless
of the new processes that were formed along the way. There-
fore, we observe that the loss of processes as it moves away
from the soma increases, and we can measure it with the
decreased branching index (DBI) algorithm (Table 1). In
order to know the farthest distance from the soma in which
processes are lost, we modified the RBI algorithm by radial
decrease branching index (RDBI) (Table 1), which quantifies
the farthest distance (from the cell soma) in which processes
are lost. To know the total number of processes that are lost
for each analyzed cell, we modified the OBI algorithm by the
observed decreased branching index (ODBI) (Table 1). This
algorithm allows us to indirectly know the cellular branching,
independent of the new processes that were formed. All these
analyzes were performed with the Python program version
3.6.13 and IDE Spyder version 5.0.5.

Statistical Analysis

All statistical analyses were performed with GraphPad Prism
version 9.4.1 for macOS (GraphPad Software, www.graphpad.
com, San Diego, California, USA). Statistical significance
between datasets was determined by the Mann—Whitney test
and unpaired t-test for p levels <0.05.

@ Springer

Results
PAK Phosphorylation Is Increased in CTb Cells

Due to the syntheny between mouse autosome 16 and human
chromosome 21, murine trisomy 16 (Ts16) is an animal model
of DS (Oster-Granite 1986). However, due to the inviability
of the model, we used CTb cells, a cellular immortalized cell
model of DS that were established from the cerebral cortex
of a mouse with trisomy 16, and a control line CNh extracted
from the cerebral cortex of a normal euploid littermate.

The signaling pathway related to the interaction between
APP and PAK isoform in a region adjacent to the Racl/
CDC42 binding domain between amino acid residues 93
and 126 of PAK3 (McPhie et al. 2003) called our attention.
Therefore, we first determined whether the trisomic cell line
CTb displays the conditions that might favor PAK1 hyper-
phosphorylation, and therefore, we measured the expression
of APP. As we previously reported (Rojas et al. 2008; Opazo
et al. 2006), APP is overexpressed in the CTb cell line com-
pared to CNh cells (Fig. 1a). As C-terminal cleavage of APP
is produced by the action of caspases, we then evaluated the
state of activation of total caspases with the FLICA marker.
As shown in Fig. 1b, a greater activation of total caspases
is evident in the trisomic cell line CTb, when compared to
CNh cells. Next, to determine whether the caspase-mediated
cleavage at the C-terminal end of APP to yield the C31 pep-
tide is indeed present, we used an antibody that can label
the APPAC31 fragment. This antibody binds to the epitope
that remains after the peptide is cleaved at the C-terminus
of APP. In Fig. Ic, a higher proportion of APPAC31 can
be observed in the CTb cells when compared to its control
CNh cells. Finally, we compared PAK1 phosphorylation in
both cell lines. As shown in Fig. 1d, phosphorylated PAK1
(p-PAK1) is found in a greater proportion in the trisomic
CTb cell line when compared with its control cell line CNh.

Inhibition of PAK1 Phosphorylation Improves
Neuronal Morphology in CTb Cells

To assess the impact of PAK phosphorylation on cell mor-
phology, CTb cells were incubated with Neurobasal-B27
medium with FK and bFGF for 72 h. This treatment that
promotes cell differentiation and neurite outgrowth (Pérez-
Nuiiez et al. 2016) was carried out in the absence or the
presence of the specific PAK inhibitor, FRAX 486.

We first determined the LD50 of FRAX 486 in CTb cells
using different concentrations of this inhibitor. The LD50 for
FRAX 486 was found to be 6.4 uM. Therefore, considering
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Fig. 1 Expression of p-PAK and factors associated with its activation
in CNh and CTb cells. a A representative western blot and quantifi-
cation of APP protein levels, as evaluated with the 22C11 antibody,
normalized to B-tubulin in CNh and CTb cell lines in basal condi-
tions, without differentiation (n=4). b Evaluation of caspase activa-
tion with FLICA assay (n=4). ¢ A representative western blot of the

the previous antecedents, the concentration of FRAX 486
that we used in our work was 50 nM (Harms et al. 2018;
Licciulli et al. 2013).

Process length and complexity were quantified by Sholl
analysis. Figure 2a shows a representative cell in cul-
ture and the respective pseudoimage. Figure 2b presents
the respective Sholl and the process length analysis. The
chemical structure of the PAK inhibitor, FRAX486 (Dolan
et al. 2013), is displayed in Fig. 2c. The result of the pro-
cess length analysis shows a significant increment of neu-
rite length in CTb cells after treatment with FRAX 486
(Fig. 2d). Additionally, Sholl analysis in CTb cells indi-
cates that FRAX 486 increases complexity in short neurites
(<or=20 pm), since the number of crossings in the Sholl
rings increased significantly in the rings close to the soma
(0, 10, 15, and 20 um from the soma) after treatment with
FRAX 486 (Fig. 2e).

New Algorithm for Neurite Outgrowth Analysis:
FRAX 486 Favors the Formation of New Processes
and Stimulates a Greater Loss of Processes

Although new variants of the Sholl analysis have been
described in a more automated way (Binley et al. 2014) and
for certain neuronal types (L6pez-Cabrera et al. 2020), we
developed six algorithms (based on the branching index
described by Garcia-Segura and Pérez-Méarquez (2014) that

APPAC31 fraction and its quantification (n=7). d Representative
western blot of phosphorylated PAK1 (p-PAK1) expression in CNh
and CTb cell lines in basal conditions, without differentiation and its
quantification normalized to PAK1 (n=4). Bars represent the mean
with SEM. * p <0.05 (Mann—Whitney test)

quantify the gain or loss of processes as that processes move
away from the soma.

If we consider that FRAX 486 treated CTb cells exhibited
an increased number of crossings in the first rings in our
Sholl analysis, we speculated that the presence of this inhibi-
tor could increase the process branching in the trisomic cell
line CTb. Therefore, to assess cell branching and answer
these questions, we formulated a series of algorithms that
can quantify both formation of new processes (BI-RBI-OBI)
and the loss of processes (DBI-RDBI-ODBI) from one ring
to another in our Sholl analysis (Table 1).

Some examples of the morphological evaluation on the
cell line CTb can be seen in Fig. 3, which shows differ-
ent representative images of these cells with Sholl analysis,
and in the box on the right, their respective rates of forma-
tion and loss of processes. In such a fashion, the values can
be compared with respect to the range and average of the
indexes in the entire cell culture (these values are presented
in the two columns in the center of the table). Figure 3a
shows two primary processes without the formation of sec-
ondary processes, which is reflected by a Bl index=0. The
images in Fig. 3b show a cell that forms a new process (OBI:
1) of 25 um from the soma (RBI: 5). In Fig. 3c, an above-
average BI index is observed (BI: 170, mean of BI: 14),
which depicts a cell that formed six new processes (OBI:
6), and the one that was created farthest was 50 pm from the
soma (RBI:10). A similar pattern is observed with the pro-
cess loss indices, where the DBI value increased in relation
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72 h NeuroBasal-B27
a) FK+bFGF

Pseudoimage

CTb

b) Sholl Analysis Total Length

CTb

Fig.2 Sholl and length analysis of cell processes after FRAX 486
treatment in CTb cell lines. a Representative images of Sholl analysis
in CTb cells maintained with Neurobasal-B27 medium with forsko-
lin (FK) and bFGF during 72 h. Scale bar=100 um; the left panel
shows a pseudoimage of the Sholl analysis. b Representative images
of concentric rings of Sholl analysis; the left panel shows a process
length analysis. ¢ Molecular structure of FRAX 486. d Quantification

to average values (DBI: 275, mean of DBI: 71), due to the
loss of several processes (ODBI: 8), and the one that was
lost farthest was 60 um from the soma (RDBI: 12) (Fig. 3c¢).

These algorithms that quantify the formation and loss
of neuronal cell processes can help us study morphological
patterns observed in the cells in basal conditions, without
FRAX 486 treatment, and consequently identify changes
that may occur in response to a stimulus. For this reason,
we then evaluated the parameters of formation and process
loss in the trisomic cell line, after treatment with FRAX 486.
The means of the values obtained with the algorithms were
plotted in Fig. 4. Branching index (BI), observed branching
(OBI), and radial branching index (RBI) were represented
in Fig. 4a—c, respectively, being only the OBI index signifi-
cantly increased in the presence of FRAX 486. This indi-
cates that FRAX 486 increased the amount of new processes
that are formed from one ring to another. Furthermore, as
shown in Fig. 4d—f, FRAX 486 also increased the decreased
branching index (DBI), observed decreased branching index
(ODBI), and radial decrease branching index (RDBI), sug-
gesting that PAK inhibition induces loss of processes that
are farther from the soma.
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differences between CTb and CTb F in the ring 0, 10, 15, and 20 pm.
Each point represents the mean with SEM. *p<0.05, **p<0.01
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Discussion

The relationship between cognitive dysfunction in patients
with DS with a neuronal morphological impairment drew
our attention. Reportedly, patients with DS have less brain
tissue (Pinter et al. 2001) and reduced hippocampus and cer-
ebellum size (Raz et al. 1995). Also, patients exhibit mor-
phological abnormalities in the dendritic spines of pyramidal
neurons in the motor cortex (Marin-Padilla et al. 1976).
Cognitive alterations can vary with aging, and the trisomy
on chromosome 21 can favor the onset of early dementia, as
highlighted in the study by McCarron et al. (2017). This study
followed 77 patients with DS for 20 years and concluded that
97.4% of the subjects studied developed dementia, where the
mean age of diagnosis was 55. Early dementia in patients
with DS has also been related to Alzheimer-type dementia,
and one of the proteins that characterize AD as the precur-
sor of senile plaques (SP) is the APP, whose gene is present
on chromosome 21. In this regard, the brains of DS patients
develop SP quite early in life (Masters et al. 1985; Kang
et al. 1987). Furthermore, as previously reported, a 78-year-
old patient with partial trisomy of chromosome 21, where
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72 h NeuroBasal-B27
FK+bFGF

Pseudoimage
a)

CTb

b)

CTb

Fig. 3 Relationship between cell morphology and indexes of process
formation and loss. This figure shows representative images of a CTb
cell with different morphology. From left to right, images represent
the cell under the phase-contrast microscope, the pseudoimage, its
Sholl analysis, and the respective indexes of formation and loss of
processes. a Image of CTb cell with BI=0, without formation of new
processes. Regarding the index of loss of processes, it indicates that
the cell lost two processes (ODBI: 2), and the one that was lost the
farthest was 10 um from the soma (RDBI: 2). b The image shows a

the APP gene was present in only two copies, did not show
signs of dementia (Prasher et al. 1998). Furthermore, a case
report by Doran et al. (2017), who reported the situation of
an aged DS patient who had a deletion of the APP gene in
one of the triplicated chromosomes and also lacked signs of
dementia, in addition to low levels of AP peptide in plasma
and an absence of Alzheimer’s-like neuropathology. This
information highlights the importance of APP in the devel-
opment of dementia in older DS patients and its relation to
neuronal alterations at a morphological level.

Structural alterations in cell morphology can also be
observed in our trisomic model CTb, compared to its con-
trol, CNh cells; among them is the reduction in the number of
neurites that cross each ring in Sholl analysis, shorter process
length, and higher F-G actin ratio (Pérez-Nuiiez et al. 2016).

Sholl Analysis

Index Range Mean Results

Bl l 0-50 9 0
RBI 0-10 17 0

(0):]] 0-3 0,5 0
DBI I 0-160 45 15
RDBI 0-12 5 2

ODBI 0-7 3 2

Index Range Mean Results

Bl ‘ 0-50 9 25
RBI 0-10 17 5
oBI 0-3 0.5 1
DBI ‘ 0-160 45 50
RDBI 0-12 5 6

oDBI 0-7 3 2

Index Range Mean Results

Bl ‘ 0-170 14 170
RBI 0-10 17 10
oBI 0-6 0.8 6
DBI I 0-280 7 275
RDBI 0-12 6 12

oDBI 0-15 4 8

CTb cell with a new process formed (OBI: 1) 25 pm from the soma
(RBI: 5). RDBI: 6 and ODBI: 2 indexes show that two processes
were lost in this particular cell, and the one that was lost furthest was
30 um from the soma. ¢ Image of CTb F cell. The indexes indicate
that the cell formed six new processes (OBI: 6), and the one that was
created furthest was 50 pm from the soma (RBI: 10). The process loss
index indicates that the cell lost eight processes in total (ODBI: 8),
and the one that was lost furthest was 60 um from the soma (RDBI:
12), as can be seen in the image. Scale bar=100 pm

Due to the aforementioned, in the present study, we focused
on the search for therapeutic targets that can serve as research
points/focuses and which may potentially revert or mitigate
the structural alterations observed in a trisomic cell model.
To direct the search for therapeutic targets that have a direct
impact on the cell cytoskeleton, we focused on studying the
p21-activated kinase 1, PAK 1, and its influence on neurite
outgrowth. Since PAK1 has been related to the formation, mat-
uration, and stability of dendritic spines in primary cultured
neurons (Hayashi et al. 2007a). Furthermore, phosphorylated
PAK can also be found colocalized with F-actin in the growth
cone (Rashid et al. 2001). Indeed, double knockout mice for
PAKI1 and PAK3 show reduced process complexity than the
wild type, as well as enhanced cofilin activity and reduced
amounts of F-actin (Huang et al. 2011). In addition, previous
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Fig.4 Morphologic parameters in CTb after treatment of FRAX 486.
a Branching Index (BI). b Observed branching Index (OBI). ¢ Radial
branching index (RBI). d Decrease branching index (DBI). e Observed

studies indicate that protein activation could be influenced by
the cleavage in the C-terminal of APP (Nguyen et al. 2008).

In this regard, we evaluated in our trisomic line the con-
ditions that could influence PAK activation, such as APP
overexpression (Fig. 1a) and enhanced caspase—dependent
cleavage in the C-terminal segment of APP (Fig. Ic) pro-
duced by the action of caspases (Fig. 1b). In agreement with
these results, we observed that PAK1 is hyperphosphoryl-
ated in the trisomic cells (Fig. 1d). Accordingly, inhibition of
PAKI1 increased neurite length (Fig. 2d) and the number of
crossings per Sholl ring (Fig. 2¢) in CTb cells. Furthermore,
FRAX 486 increased the number of new processes formed
from one ring to another (Fig. 4b), although it does not
influence the length of the new formed processes (Fig. 4c).
On the other hand, FRAX 486 also stimulates the loss of
neurites (Fig. 4d—f), suggesting that PAK inhibition favors
neurite remodeling and branching in CTb cells.
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CTb CTbF

T
CTb CTbF

decreased branching index (ODBI). f Radial decrease branching index
(RDBI). Values represent the mean with SEM. *: Significant for
p<0.05. **: significant for p <0.01 (unpaired t-test)

In this regard, previous studies have shown the impact
that FRAX 486 can have on increasing cell proliferation
and in the rescue of neurogenesis defects in DS iPSC-
derived cerebral organoids (Tang et al. 2021), thus strongly
suggesting the importance of the PAK pathway in neuronal
development. In agreement with this study, we can observe
that abnormal activation of the PAK pathway influences
structural changes in cell morphology during process
growth, as described by Pérez-Nuifiez et al. (2016) regard-
ing the effect of overexpressed DSCAM in PAK. Yet, the
latter effect is phasic rather than tonic. Our present study
addresses a different deregulation mechanism associated
to specific DS-related overexpressed genes, such as APP,
which in turn may possibly have a tonic effect. Further-
more, overexpressed APP has an important role in the
pathogenesis of Alzheimer’s-like dementia that develops
in aged DS patients (Doran et al. 2017). Hence, PAKs may
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be deregulated cooperatively by at least two DS-related
overexpressed genes (DSCAM, APP) in two different fash-
ions: phasic and tonic. Taken together, PAK appears as a
common downstream effector of both excess gene products
and presents this kinase as an interesting target for pharma-
cological modulation.

We acknowledge, however, that more studies are required
to confirm these findings. Yet, the results described herein
suggest the following model described in Fig. 5, which
relates the impact of APP and PAK on the actin cytoskel-
eton in our cellular model of DS. In the trisomic model,
the underlying conditions can trigger alterations in neurite
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Fig.5 Proposed model on the impact of APP overexpression and PAK
pathway on actin cytoskeleton dynamics in the trisomic cell line. a CTb
cells display conditions, such as APP overexpression, increased C-terminal
cleavage of APP, increased caspase activity, and increased PAK1 phospho-
rylation. The latter results in excessive phosphorylation of LIMK and cofi-
lin, and an increase of the filamentous form of actin that can impair neurite

outgrowth. b Neurite growth alterations can be reversed after treatment
with the PAK1 inhibitor, FRAX 486. The mechanism could be related to
the modification of the LIMK-cofilin-actin pathway activity towards levels
comparable to those of the euploid condition. Images were created with
BioRender.com
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outgrowth. Such conditions may be, but are not limited to,
APP overexpression, increased APP C-terminal cleavage,
increased caspase activity, and PAK1 hyperphosphorylation
(Fig. 5a). The increase in the formation of processes in CTb
cells, after incubation with FRAX 486, may result from a
greater dynamic between monomeric and filamentous actin
via PAK-LIMK-cofilin (Fig. 5b). In this last point, we refer
to the fact that the addition of FRAX 486 to a cellular model
of DS such as CTb cells promotes the formation of new
neurites but, at the same time, appears to increase the loss
of processes, possibly due to an increased dynamics of the
actin cytoskeleton via the PAK pathway.

In addition, it should be considered that neurite outgrowth
and axon guidance depend on growth cone structures such
as lamellipodia and filopodia (composed mainly of micro-
tubules and actin cytoskeleton) (Lewis and Brigdman 1992)
and their dynamics, such as actin turnover in the leading
edge (Goor et al. 2012). In fact, axon elongation has been
observed to arrest after adding cytochalasin-b (a compound
that depolymerizes F-actin) in the dorsal lumbosacral root
ganglia of chick embryos (Yamada et al. 1970). Further-
more, disorganized extensions and lamellipodia protuber-
ances surrounding the soma have been described in mouse
neurons after transfection with specific PAK1-shRNA, fur-
ther suggesting that the formation of polarized lamellipodia
in neuronal migration depends on the localized kinase activ-
ity of PAK1 and that its main function is to promote organ-
ized neurite outgrowth (Causeret et al. 2009).

Thus, we suggest that the increased length, branching,
and formation of new processes can be attributed to the fact
that FRAX 486 could stimulate the dynamics of the actin
cytoskeleton and influence neurite growth processes in CTb
cells. Therefore, decreasing PAK1 phosphorylation on CTb
cells could influence dynamic processes that include neurite
elongation, such as lamellipodia and filopodia (Goldberg
and Burmeister 1986).

Although in the trisomic model, PAK may be hyper-
phosphorylated for various reasons, including Down syn-
drome cell adhesion molecule (DSCAM) overexpression
(Pérez-Nufiez et al. 2016), it is important to highlight the
benefit of inferring in a therapeutic target that more directly
affects neurite outgrowth and remodeling and that appears
as a common link between several DS-related overexpressed
proteins, such as APP and DSCAM.

In this regard, PAK has been proposed as a therapeutic
target in the past, as previous studies have related mutations
in the PAK3 gene in non-syndromic X-linked mental retar-
dation (MRX) (Allen et al. 1998). On the other hand, the
inhibition of the catalytic activity of PAK partially improves
some anomalies related to fragile X syndrome (FXS), such
as synaptic morphology, synaptic plasticity, and behavior in
the forebrain of fragile X mental retardation 1 (FMR1) mice
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knockout, an animal model of FXS (Hayashi et al. 2007b).
Furthermore, FRAX 486 treatment rescues the spine density
phenotype and behavioral abnormalities such as hyperac-
tivity and repetitive movements in a mouse model of FXS
(Dolan et al. 2013).

Taking the existing prior information and the concur-
ring results described herein, we suggest PAK as a possible
therapeutic target, since by antagonizing its function in a
hyperphosphorylated state, it favors the increase of param-
eters related to a greater branching of cellular processes,
such as the emission of new processes (OBI), the length of
the processes, the crossings of the Sholl ring, and the loss
of processes (DBI), in the cellular model of DS, CTb cells.

Conclusions

The overexpression of genes that occurs in the trisomic con-
dition is directly or indirectly related to all the pathological
characteristics that patients with DS present. Among them,
the cognitive deficit is the most limiting condition for daily
life. The changes that patients with DS may undergo at the
cerebral level can be seen reflected in morphological altera-
tions of the neuronal cells of the cerebral cortex and hip-
pocampus among others. In our study, we observed that the
addition of a PAK inhibitor, FRAX 486, to in vitro neuronal
model of DS, CTb cells, increases the length of processes,
Sholl ring crossings, the formation of new processes, and
increases the loss of processes, suggesting that FRAX 486
may increase growth processes and remodeling. This study
provides the basis for continuing to work with a FRAX 486
in animal models of DS, where behavioral studies can also
be carried out, and suggests that PAK1 is a pharmacological
target in Down syndrome.
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