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Published online: 24 July 2018 . Several lines of indirect evidence, such as mutations or dysregulated expression of genes related
© to cytoskeleton, have suggested that cytoskeletal dynamics, a process essential for axons and
dendrites development, is compromised in autism spectrum disorders (ASD). However, no study has
yet examined whether cytoskeleton dynamics is functionally altered in cells from ASD patients. Here
we investigated the regulation of actin cytoskeleton dynamics in stem cells from human exfoliated
deciduous teeth (SHEDs) of 13 ASD patients and 8 control individuals by inducing actin filament
depolymerization and then measuing their reconstruction upon activation of the RhoGTPases Rac,
Cdc42 or RhoA. We observed that stem cells from seven ASD individuals (53%) presented altered
dymanics of filament reconstruction, including a patient recently studied by our group whose iPSC-
derived neuronal cells show shorten and less arborized neurites. We also report potentially pathogenic
genetic variants that might be related to the alterations in actin repolymerization dynamics observed
in some patient-derived cells. Our results suggest that, at least for a subgroup of ASD patients,
the dynamics of actin polymerization is impaired, which might be ultimately leading to neuronal
abnormalities.

Autism spectrum disorders (ASD) are a group of early onset neurodevelopmental conditions characterized by
deficits in social communication skills and restricted or stereotyped patterns of behaviors. According to recent
studies, ASD affect 1 in every 68 children and are genetically heterogeneous'. In spite of the great advances in
molecular tools, that have allowed the identification of the potential causative variants in nearly 25% of the cases,
the etiology of ASD remains unknown for the majority of patients®

Genetic studies have revealed that a large number of mutated genes implicated in ASD converge on com-
mon biological mechanisms, suggesting that these genetic alterations can lead to similar functional effects and
common neurological outcomes®. One example of such common mechanism is cytoskeleton regulation: recent
large-scale CNV and gene expression studies in ASD patients have identified functional groups related to the
regulation of actin filaments dynamics, including a global gene expression study conducted by our group®'°.
Actin filaments are one of the main components of the cytoskeleton and the regulation of their polymerization
and depolymerization is essential to neurite outgrowth, dendritic spine formation/plasticity and axonal guidance,
which, in turns, sculpt neuronal connectivity''~'*. Indeed, studies of neurons derived from ASD patients (either
from post-mortem brain tissues or from induced pluripotent stem cells), as well as studies using ASD animal
models revealed abnormalities in dendrites, axons and in the organization of the neural network!*"", and the
possible role of defective actin filament dynamics in dendritic spine and synapse formation in ASD pathogenesis
has been reviewed elsewhere!s'°.

Despite this mounting evidence, no functional studies on the regulation of the cytoskeleton dynamics in cells
from autistic individuals have been conducted so far. Therefore, the present study aimed to explore the proportion
of ASD individuals presenting with abnormal functioning of the actin cytoskeleton dynamics. In order to inves-
tigate this, we examined actin filaments reconstitution upon RhoGTPases stimulation (which is the main group
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of molecules that regulate actin polymerization) in stem cells from human exfoliated deciduous teeth (SHEDs)
of ASD patients and control individuals. SHEDs seem to be a suitable cellular model for addressing this ques-
tion since we have previously shown that genes involved in cytoskeleton regulation are abnormally expressed in
SHED:s of autistic subjects”!”. Importantly, we also have previously shown that iPSC-derived neurons from one of
these patients, who show TRPC6 haploinsufficiency, present abnormal dendritic spine density and neurite length,
which might be due to cytoskeletal dysregulation'’. Therefore, we included this patient in the present study in
order to explore whether altered cytoskeleton dynamics might also be observed in SHEDs derived from this
patient. Finally, by using whole-exome sequencing, we looked for genomic alterations in those idiopathic ASD
individuals who showed abnormalities in actin cytoskeleton regulation that could be related to this phenotype.

Results

In order to investigate whether an abnormal dynamics of actin polymerization is observed in ASD, we first pro-
mote depolymerization of the actin cytoskeleton in SHEDs derived from an autistic patient with TRPC6 haplo-
insufficiency, 12 idiopathic ASD patients and 8 control individuals using Rho kinase inhibitor (ROCKi), which
led to depolymerization of filaments in more than 80% of cells from all 21 subjects (Fig. 1A-C; Supplementary
Table S1). Next, we promoted actin repolymerization using Direct Activator (DA), a molecule that activates
Cdc42, Rac and RhoA simultaneously and directly. DA is a glutamine deaminase molecule that converts
glutamine-63 of RhoA and glutamine-61 of both Rac and Cdc42 to glutamate, which blocks intrinsic and
GAP-stimulated GTPase activity and results in constitutive activation of these RhoGTPases®. We also set up
three additional treatment conditions in order to promote activation of RhoGTPases by upstream signals: 100 ng/
mL of EGF which promotes the activation of Cdc42?!, 25 ng/mL of EGF which activates Rac??, and 30ug/mL of
calpeptin which activates RhoA?* (Supplementary Fig. SIA-C). Although activation of Rac and Cdc42 is known
to be involved in the formation of lamellipodia and filopodia respectively, we observed the formation of stress
fibers in the cell samples treated with EGFE, which is indicative of RhoA activation (Fig. S1 C-F). Concordantly, we
observed that treatments with both 25 and 100 ng/mL of EGF lead to a later activation of RhoA (Supplementary
Fig. S1C). Because stress fibers were abundant and easier to identify than lamellipodia and filopodia, we counted
the number of cells that display stress fibers to quantify the percentage of cells with reconstituted actin filaments
in all treatment conditions (Supplementary Table 1).

An unsupervised hierarchical clustering analysis divided the samples into two groups according to their
behavior over time: in all treatment conditions, control individuals were clustered together within the same group
(group 1), whereas ASD patients were distributed across group 1 and group 2, showing that cells from only a
subgroup of the patients behaved differentially than those derived from controls (Table 1). Importantly, the cells
from ASD individuals included within group 2 respond differently to each type of pharmacological treatment
used to induce repolymerization (for example: RhoA activation treatment brought together into group 2 only
F2688, F2749 and F3103 samples, while DA treatment clustered F2688, F2749, F2735, F3078 and F3103 samples
into group 2).

To further explore actin repolymerization process over time, we next used a generalized additive model to
compare the groups. ASD patients allocated to group 2 showed a significantly lower percentage of cells with
reconstituted actin filaments compared to controls (ASD2 X C) in all treatment conditions throughout the
observation period (Fig. 2; p-values: DA <0.001; cdc42 = 0.002; Rac <0.001; RhoA = 0.001), while no signifi-
cant differences were observed comparing ASD patients allocated to group 1 and controls (ASD1 X C) (Fig. 2;
p-values: DA =0.99; cdc42 =0.686; Rac =0.236; RhoA = 0.302). On the other hand, when all ASD individuals
were compared to controls (ASD X C), patients presented with significantly lower percentage of cells displaying
reconstituted networks of actin filaments in DA and Rac activation treatments, although less pronounced than in
the comparison ASD2 X C, but did not show differences in both Cdc42 and RhoA activation treatments (Fig. 2;
p-values: DA =0.035, cdc42 =0.068; Rac <0.001; RhoA = 0.05). This last analysis shows the importance of prior
clustering of the samples.

The percentage of cells with filaments still polymerized at the beginning of the experiment (time 0h) was
similar between controls (median: 0.106; interquartile range: 0.06-0.2) and ASD samples that were allocated to
group 2 in all treatment conditions (median: 0.115; interquartile range: 0.06-0.14). Thus, we considered that the
differences observed between the groups in the course of the repolymerization process were not due to different
percentages of cells with intact filaments at time O h.

To attest the reproducibility of the results, 64 out of the 336 experimental conditions conducted (21 individu-
als X 4 repolymerization treatments X 4 time points) were done in duplicate and showed similar results (Intraclass
Correlation Coeflicient - ICC3 =0.67; p < 0.0001). Also, 40 experimental conditions were independently evalu-
ated (counted) twice, and the results showed high correlation (ICC3 =0.85; p < 0.0001).

By inducing either an upstream activation of RhoGTPases (using EGF and calpeptin) or a direct activation
of all of them (using DA) to promote actin repolymerization, we expected to be able to disentangle which is the
part of the pathway that might be compromised. That is, if the cells carry genetic alterations that compromise
function of upstream components of the RhoGTPases pathway, it would be expected that the treatment with DA
would correct the abnormal pattern of actin filaments reconstitution in such cases (Fig. 3A). On the other hand,
if genetic alterations are in downstream components of the cascade, or within RhoGTPases, the use of DA would
not correct the abnormal pattern of actin reconstitution (Fig. 3B,C). Based on these premises, we could predict
which part of the pathway might be altered in four out of seven ASD patients who showed abnormal dynamics of
actin filaments reconstitution (group 2): for F6136-1 and F7511-1, the putative alterations were predicted to be
upstream of the RhoGTPases; and for F2688-1 and F2749-1, the potential alterations were predicted to be either
within or downstream the RhoGTPases (Fig. 3D). Thefore, we next evaluated the protein levels of Cdc42, Rac and
RhoA in SHEDs from patients F2688-1 and F2749-1, and we found that the expression levels of the 3 RhoGTPases
were lower in cells from patient F2749-1 compared to 3 control individuals and 3 other ASD patients (Fig. 4).
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Figure 1. Dynamics of actin re-polymerization on SHEDs. At left, representative images of cells with
depolymerized actin filaments right after incubation with ROCK:i (time 0h) at 20x magnification (A), for the
control sample F5541 (B) and for the ASD sample F7511 (C). At right, representative images of cells with re-
polymerized filaments after 60 minutes of Cdc42 activation treatment at 20x magnification (D), for the control
sample F5541 (E), and for the ASD sample F7511 (F). It is possible to notice much more cells with a large cell
body due to stress fibers formation in the control sample (E), whereas in patient, there are much more cells with
a thin cell body with no stress fiber formation (F). Scale bar: A and D: 50um; B,C, E and F: 200um.

Because F2749-1 patient was genetically characterized previously'’, we submitted only patients F2688-1, F6136-1
and F7511-1 to whole exome sequencing in order to seek for rare genetic variants in genes related to actin dynam-
ics regulation. All variants considered probably pathogenic in these genes are presented in Table 2. Remarkably, we
identified rare and potentially damaging missense variants, according to CADD-score?, in genes encoding for either
upstream or downstream components of the RhoGTPase cascade which fit in the hypotheses raised by our functional
assays: F2688-1 harbors a missense alteration in the CYFIPI gene, a molecule that act downstream of RhoGTPases; in
F7511-1, we identified a missense variant in DOCK?, a guanine exchange factor that activates Cdc42 and Rac®; and
F6136-1 harbors a missense variant in ARHGEF18, a guanine exchange factor that acts on Rac1%.

Discussion

Our study using SHEDs of ASD individuals revealed that 53% of them (7/13) showed abnormal dynamics of actin
filaments reconstruction in at least one of the tested conditions. For our knowledge, this is the first work that has
evaluated the functional aspects of cytoskeleton dynamics in cells of ASD individuals, validating previous evi-
dence from genomic and expression studies, which have already pointed to the relevance of these mechanisms to
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F5541 (C) | F5541(C) |F5541(C) | F5541(C)
F5594 (C) | F5594(C) | F5594(C) | F5594(C)
F5618 (C) | F5618(C) | F5618(C) | F5618(C)
F6119 (C) |F6119(C) |F6119(C) | F6119(C)
F7647 (C) | F7647 (C) |F7647 (C) | F7647 (
F7672(C) |F7672(C) |F7672(C) | F7672(
F8370 (C) |F8370(C) |F8370(C) |F8370(C)

(

(

F8564 (C) | F8564 (C) | F8564(C) | F8564(C)
F1740 (P) | F1740 (
F1850 (P) | F1850 (
F2613 (P) | F2613 (P
(
(
(

F1740 (P) | F1740 (P)
F1850 (P) | F1850 (P)
F2613 (P) | F2613 (P)
F2709 (P) | F2709 (P)
F4289 (P) | F4289 (P)

F2709 (P) | F2709
F4289 (P) | F4289

F6281 (P) | F6281 (P) |F6281(P) | F6281(P)
F3103 (P) F2735(P) | F6136 (P)
F6136 (P) F3078 (P) | F7511 (P)
F6136 (P)
F7511 (P)

F2688 (P) | F2688 (P) | F2688(P) | F2688 (P)
F2749 (P) | F2749 (P) | F2749 (P) | F2749 (P)
F2735(P) | F2735(P) | F3103(P) | F2735(P)

2 F3078 (P) | F3078 (P) F3078 (P)
F7511 (P) | F7511 (P) F3103 (P)

F3103 (P)

F6136 (P)

Table 1. Clustering analysis of the samples according to the pattern of actin re-polymerization dynamics.
P = patient; C=control.

the pathophysiology of the disease®'°. The combined analysis of the responses to direct and upstream stimulation
of RhoGTPases allowed us to make some assumptions about where this signaling pathway would be compro-
mised, and we could indicate variants in genes that would fit into these assumptions for some of the individuals.
We are aware that the relationship between these mutations and the phenotypic alterations observed must be
further validated in SHEDs and, specially, in neuronal cells of the patients, in order to prove their influence on the
abnormal regulation of cytoskeleton dynamics. However, some literature evidence that support these relation-
ships are worthy to be discussed.

Individual F2749-1, who has proven neuronal and gene expression abnormalities related to cytoskeleton reg-
ulation!’, showed an abnormal actin reconstitution dynamics in SHEDs in response to all the treatments, indicat-
ing an alteration within the RhoGTPases or in downstream components of the pathway. In fact, we found that this
individual has a lower level of Cdc42, Rac and RhoA protein expression. This can be related to haploinsufficiency
of TRPCE6 in this patient, since this gene codes for a cation channel that regulates activation of the transcription
factor CREB?” which, in turn, might be regulating RhoGTPases expression.

Our functional data suggested that F2688-1 would have an alteration downstream of the RhoGTPases. We
found that his patient harbors a rare missense variant in a downstream component of the pathway, CYFIPI,
which is potentially pathogenic as predicted by CADD-score?. It has been demonstrated that CYFIP1 regu-
lates cytoskeleton remodeling via a Racl-dependent interaction with the WAVE regulatory complex, modu-
lating dendritic morphology and presynaptic function®®?. In a non-simultaneous way, CYFIP1 also interacts
with eIF4E and seems to have an impact on the regulation of other mTOR signaling molecules, then regulating
translation processes®®>C. Interestingly, besides the alteration in cytoskeleton dynamics seen in this work, the
individual F2688-1 also showed an abnormal response to mTOR activation in a previous study of our group
(individual identified as ASD 1 in Suzuki et al., 2015)*'. Moreover, the individual F3078-1, who has a duplica-
tion of 15q11-q13 involving CYFIPI, also showed an impaired dynamics of actin reconstitution in some of the
tested conditions here, and a defective pattern of mTOR activation (individual identified as ASD3 in Suzuki et al.,
2015). Taken together, these results are consistent with a role of CYFIPI alterations in the abnormal phenotypes
observed in the present and in the previous functional studies.

Finally, the patients F7511-1 and F6136-1, whose patterns of response to the different treatments indicate the
existence of alteration in molecules that act upstream of the RhoGTPases, harbor rare and potentially damaging
variants in genes that code for guanine exchange factors, molecules that activate RhoGTPases. F7511-1 has a var-
iant on a domain of DOCK? that is responsible for activation of Racl and Cdc42 (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi?seqinput=NP_001258928.1), which is in agreement to our results that showed abnor-
mal actin reconstitution in this patient only upon Cdc42 or Rac stimulation. On the other hand, ARHGEFI8, the
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Figure 2. Adjusted models for actin re-polymerization dynamics. Graphs show estimated average of the
percentage of cells with reconstituted actin filaments along the time and confidence interval for control (C)
samples (blue), all ASD samples (red), ASD samples allocated in group 1 by clustering analysis (purple) or in
group 2 (orange) for each treatment. In upper left, it is indicated the p-values obtained by Generalized Additive
Model for Location Scale and Shape analysis for each comparison.

gene mutated in F6136-1, can activate Racl and RhoA?, but this individual only showed abnormal response to
Rac stimulation.

Some aspects of the approaches used in this study are worthy of further discussion. First, the use of an unsu-
pervised clustering analysis to group the samples as the initial step of the analysis has captured exactly which
individuals had an abnormal behavior, which allowed us to identify statistical differences (or more pronounced
statistical differences) between the groups, than in a situation in which the whole ASD group is compared to the
controls. Taking into account that ASD is a complex and heterogeneous disorder, this strategy should always
be considered in functional assays, since on the contrary, an important difference present only in a subgroup
of patients might be missed, as illustrated by our results. Second, exome sequencing in ASD usually leads to the
identification of dozens of potentially pathogenic genetic variants (based on population frequency and in silico
predictions) in every individual, becoming difficult to sort out the most relevant ones. As exemplified by our
study, functional assays in accessible cells combined with genomic analysis might contribute for the interpretation
and selection of the most likely pathogenic candidate variants, which then can be considered for further investi-
gation in more sophisticated models, such as iPSC-derived neurons. Finally, our results suggest that SHED might
be a useful model to capture functional alterations in different pathways already associated to ASD, as cytoskel-
eton dynamics regulation (as demonstrated in this current study and in Griesi-Oliveira et al., 2013) and mTOR
signaling (demonstrated in Suzuki et al., 2015). As illustrated by the case of the individual F2749-1, functional
alterations seen in SHEDs might reflect altered neuronal phenotypes, although we are aware that a larger sample
must be analyzed in both models in order to give support to this hypothesis.
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Predicted alteration in the actin cytoskeleton regulatory pathway according to the
abnormal responses to different RhoGTPases activators

ASD cdc42 Rac RhoA DA Predicted alteration

Individual

F2688-1 X X X X RhoGTPases or downstream of RhoGTPases (B or C)
F2749-1 X X X X RhoGTPases or downstream of RhoGTPases (B or C)
F2735-1 X X X Uncertain

F3078-1 X X X Uncertain

F3103-1 X X X Uncertain

F6136-1 X Upstream RhoGTPases (A)

F7511-1 X X Upstream RhoGTPases (A)

Figure 3. Predicted molecular alterations in actin polymerization regulatory pathway. (A-C) Schematic
representation of possible responses upon treatment with the different activators, depending on the location of
a molecular alteration. Red crosses symbolize alteration in any molecule represented inside the balloon. Red
arrows indicate abnormal regulation from that point of the pathway to the next, while green arrows, represent
normal regulation. (D) Summary of the alterations found for each of the ASD individuals that presented
abnormal regulation of actin reconstitution in any of the treatments and the predicted alteration in the
regulatory pathway accordingly to the model described above.
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Figure 4. RhoGTPases protein expression. (A) Western-blots showing protein expression of RhoA, Rac1/2/3,
Cdc42 and b-actin in SHEDs from ASD individuals whose functional assay results indicated an alteration in
RhoGTPases or downstream of them (F2688-1 and F2749-1), plus 3 control samples and 3 other ASD samples.
(B) Average of the relative expression of the RhoGTPases in controls, ASD samples and F2749-1 (RhoGTPases
protein levels were normalized by b-actin levels and then normalized to the control sample F7647-1).
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CADD Exac Brazilian
Individual Gene Exonic function AA change Rank Frequency Frequency
LPA Nonsense SNV LPA:NM_005577:exon29:c.G4599A:p.W1533x 35 4x10°° N/A
F6136 KRAS Frameshift insertion KRAS:NM_033360:exon5:c.555dupA:p.C186fs — N/A 1x1073
ARHGEF18 Missense SNV ARHGEF18:NM_001130955:exon16:c.C2554A:p.Q852K 31 7x10°* 8x10°*
NRP2 Missense SNV NRP2:NM_003872:exon8:c.G1255A:p.A419T 24.7 3x107° N/A
2688 APC2 Missense SNV APC2:NM_005883:exon2:c.C17T:p. A6V 32 6x107* N/A
CYFIP1 Missense SNV CYFIP1:NM_014608:exon29:c.A3368T:p.E1123V 252 1x107° 1x1073
EPHAI Missense SNV EPHA1:NM_005232:exon8:c.G1540A:p. V5141 22.7 1x107* N/A
ITGB6 Stopgain SNV ITGB6:NM_000888:exon14:c.C2245T:p.R749X 40 8x10°° N/A
TRIO Missense SNV TRIO:NM_007118:ex0on57:¢.C9247T:p.R3083C 24 7x107* 1x1073
F7511 PIK3C2B Missense SNV PIK3C2B:NM_002646:exon15:c.G2248A:p.G750S 33 5x107* 1x1073
DOCK7 Missense SNV DOCK7:NM_001271999:ex0n40:c.G5071C:p.E1691Q 23.6 3x107° 8x107*
PIK3R5 Missense SNV PIK3R5:NM_001251852:exon9:c.T406C:p.F136L 26 8x10* 8x107*

Table 2. Single nucleotide variants in genes related to cytoskeleton dynamics regulation in individuals F6136-
1, F2688-1 and F7511-1. Criteria adopted to select the variants: nonsense, frameshift, splicing or predicted
damaging missense variants with a frequency in the population <0.01 (population frequencies were based on
ExAC database and on an in-house database composed by 600 Brazilian individuals®®). Damage prediction
was based on CADD-score*. All the variants listed are present in heterozygosity in the individuals and were
inherited from one of the parents. Parents carrying the same variants are not affected.

Here we presented for the first time functional evidence that a significant proportion of ASD patients has an
abnormal cytoskeleton dynamics regulation, an important mechanism involved in dendrite and axon formation,
extension and plasticity. We believe that functional approaches as used here can lead to the identification of sub-
groups of patients that share alterations in a same pathway, which might facilitate the search of drugs to treat ASD.

Material and Methods

Patients and Cell lines.  Patients were ascertained as previously described’. Briefly, patients were diagnosed
by physicians at Psychiatry Institute — University of Sdo Paulo, following DSM-IV (Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition) criteria and using an interview based on ADI-R (Autism diag-
nostic interview revised) or Childhood Autism Rating Scale (CARS). Wechsler Intelligence Scale for Children
(WISC) to measure intelligence quotient (IQ) was applied whenever possible. Supplementary Table S2 describes
the results of such evaluations, as wells as which experiments each sample was used in. All the ASD individuals
included in this study (n = 13) were males and negative for Fragile-X Syndrome. The control sample consisted in
8 male individuals with no history of ASD or any other neurodevelopmental disorder diagnosis. This project has
been approved by the Ethics Committee of the Bioscience Institute — University of Sao Paulo (protocol number
1.133.486), where the study was conducted, and was conducted in accordance with all the guidelines and legal
regulations. After a complete description of the study, written informed consent was signed by the parents. SHED
lineages were obtained as previously described”*?> and mycoplasma tests attested that the cells were not contami-
nated. Briefly, the pulp of the teeth was isolated and digested for 15 minutes in a solution of trypsin at 37 °C. The
cells were then cultivated in DMEM/F12 (Thermo Scientific, CA, USA) supplemented with 15% of fetal bovine
serum (Hyclone, USA) and 1% of non-essential aminoacids (Thermo Scientific).

Production of RBD-GST and PBD-GST Fusion Proteins for RhoGTPases Activity Assay. In
order to certify that the selected inducers would actually activate RhoGTPases, we conducted an activity assay,
to measure GTP-bound Cdc42, Rac and RhoA proteins. The following protocol was adapted from Espinha et
al., 2016 and Ascer et al., 2015°>*, E. coli (strain BL21-DE3) bacteria were transformed via thermal shock with
plasmids containing the sequence encoding the fusion protein RBD-GST (Rhotekin-Binding Domain-fused to
Glutathione S-Transferase) or PBD-GST (PAK1-Binding Domain fused to Glutathione-S Transferase), which
was kindly donated by Gary M. Bokoch from Scripps Research Institute, La Jolla, CA, USA. RBD-GST and
PBD-GST expression was then induced by adding isopropyl 3-D thiogalactopyranoside (IPTG, 0.5 mM final
concentration), followed by incubation at 37 °C for 3 h. Bacterial suspensions were then centrifuged and the
pellets were lysed and sonicated on ice. After bacterial lyses, the suspensions were centrifuged at 14,000 rpm
for 30 min at 4°C, and the soluble fractions containing the fusion proteins were collected. The soluble fractions
were incubated in 250 pL of glutathione-Sepharose 4B resin (GE Healthcare, Pittsburgh, PA, USA). The resin
containing the bound fusion protein (beads) was then washed 6 times with wash buffer (50 mM Tris, pH 7.5;
0.5% Triton X-100; 150 mM NaCl; 5mM MgCI2; 1 mM DTT; 1 pg/mL aprotinin; 1 pg/mL leupeptin; and 0.1 mM
PMSEF) and centrifuged at 3,000 rpm for 3 min. The beads were resuspended in 5 mL of wash buffer containing
10% glycerol, followed by aliquoting and storage at —80 °C. Quantification was performed on a 13% SDS-PAGE
using a BSA standard curve.

RhoA, Racl and Cdc42 GTPases Activity Assay. The following protocol was also adapted from Espinha
et al.® and Ascer et al.**. SHEDs protein lysates from a control sample were obtained from 10-mm dishes at
approximately 60% confluence that were serum starved for 18 h and then treated 100 ng/ml of epidermal growth

SCIENTIFICREPORTS| (2018) 8:11138 | DOI:10.1038/s41598-018-29309-6 7



www.nature.com/scientificreports/

factor — EGF (Peprotech, NJ, USA) to activate Cdc42*! (http://www.cytoskeleton.com/cn02), 25 ng/ml of EGF
to activate Rac1/2/3% (http://www.cytoskeleton.com/cn02) and 30 ug/ml of calpeptin (Tocris, UK) to activate
RhoA? (http://www.cytoskeleton.com/cn01). The cells were washed twice with ice-cold PBS and disrupted with
RIPA lysis buffer (50 mM Tris, pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NacCl,
10mM MgCl2, 1 mM Na3VO4, 1 mM NaF, 2 ug/ml each of pepstatin, aprotinin and leupeptin, and 1 mM PMSEF).
Protein quantification was performed using the Bradford (Bio-Rad, Hercules, CA) colorimetric method. Racl
and Cdc42 activity assay was performed with 250 ug of the total lysate and 25 pg of PBD-GST beads. For RhoA
activity assay, 400 pg of the total lysate and 25 pg of RBD-GST beads were used. The lysates were incubated with
beads at 4 °C for 90 min under constant rotational mix. The samples were centrifuged at 3,000 rpm for 3 min at
4°C and washed three times with buffer B (50 mmol/L Tris-HCI, pH 7.2, 1% Triton X-100, 150 mmol/L NaCl,
10 mmol/L MgCl2, 10 pg/mL leupeptin and aprotinin, and 0.1 mmol/L PMSF) and collected via centrifugation
at 3,000 rpm for 3 min at 4°C. RhoA-GTP bound to RBD-GST-Sepharose beads or Rac1-GTP and Cdc42-GTP
bound to PBD-GST-Sepharose beads were resolved on a 13% SDS-PAGE, which contained lanes loaded with
25 g of total lysates as control. The gels were transferred to nitrocellulose membranes (Fig. S2), blocked with
5% nonfat milk in TBS-T (20 mM Tris pH 7.6; 137 mM NaCl; 0.1% Tween) for 30 min at room temperature and
then incubated for 4h at room temperature either using a monoclonal anti-RhoA antibody (1:500, Santa Cruz
Biotechnology) or a monoclonal anti-Racl antibody (1:500, Santa Cruz Biotechnology), or incubated overnight
at 4°C using a polyclonal anti-Cdc42 antibody (1:500, Santa Cruz Biotechnology). Finally, membranes were incu-
bated with the fluorescent secondary antibodies IRDye 680CW or IRDye 800CW for 1 h and visualized using the
Odyssey Infrared Image System (CLx model, LI-COR).

Functional analysis of actin cytoskeleton dynamics. Experimental conditions used here were
based on the protocol described by Puschmann and Turnley, 2010)*. Cells were grown in DMEM/F12 (Life
Technologies, CA, USA), supplemented with 15% of fetal bovine serum (Hyclone, USA) and 1% non-essential
aminoacids (Life Technologies) until reach the confluence in a T25 flask. The cells were then detached, counted
and plated in 8-well permanox chamber slide at a density of 5 x 10* cells/cm?® Twenty-four hours after plating,
serum was washed out and cells were incubated overnight in DMEM/F12 with 100uM of Rho kinase inhibitor
(ROCK:i - Y-27632; Sigma-Aldrich, MO, USA) in order to depolymerize the actin cytoskeleton. In the next morn-
ing (time 0h), ROCKi was washed out and the cells were incubated for 15, 30, 45 or 60 minutes in DMEM/F12
containing specific activators for 3 different RhoGTPases, as mentioned above. A fourth experimental condition
was also performed, using a molecule that directly activates the 3 above mentioned RhoGTPases (Rho/Rac/Cdc42
Activator I; Cytoskeleton Inc., CO, USA), that was called in the text as Direct Activator (DA).

At time Oh and at 15, 30, 45 and 60 minutes after the re-polymerization treatments, cells were fixed and sub-
mitted to immunostaining for actin (F-actin vizualization kit, Cytoskeleton Inc). Approximately 200 cells were
analyzed in an Olympus IX51 microscope under a 10x objective for time 0h and for each time point (15, 30, 45
and 60 min) for all the four treatments (activation of Rac, Cdc42, RhoA or DA), verifying the percentage of cells
presenting stress fibers. Counting was done blinded to the status of the disease.

Statistical Analysis. The results obtained for each re-polymerization treatment were firstly submitted to a
non-supervised clustering analysis using the K-means for longitudinal data method (R-package kml)*, to identify
which samples have similar or different behavior. Next, we evaluated the differences on the percentage of cells
with reconstituted filaments between the groups obtained by k-means analysis, or between patients and controls.
To account for the dependence between repeated measures of the same individual along the time and the beta
zero-inflated distribution of the data, we used the Generalized Additive Model for Location Scale and Shape
(gamlss package)®”, a model that allows to consider these characteristics of the data for the analysis. Results are
presented as estimated means with 95% confidence intervals and p-values. In order to attest the reproducibility of
the results, 64 experimental conditions (experimental condition: one individual tested in a given time point for
one of the re-polymerization treatments) were done in replicate and 40 experimental conditions were counted
twice. To evaluate the correlation between the duplicates, intraclass correlation coefficients (ICC3) were calcu-
lated using a two-way mixed model with subjects treated as random effects (psych package).

Expression analyses of RhoGTPases. Protein expression levels of Cdc42, Rac1/2/3 and RhoA of 5
patients and 3 controls were evaluated by western-blot. Original uncropped blots are presented in Figure S3. The
antibodies used were: anti-RhoA (1:1000 dilution; Cell Signaling, MA, USA), anti-Rac1/2/3 (1:1000 dilution;
Cell Signaling, MA, USA), anti-Cdc42 (1:200 dilution; Cell Signaling, MA, USA) and anti-Bactin (1:2000 dilu-
tion; Sigma-Aldrich). Quantification of the signal was measured using Image] and quantification of RhoGTPases
expression levels were normalized by B-actin expression levels. Experiment was done in duplicate. To ensure that
experimental conditions would resemble those used in the cytoskeleton reconstruction experiments, cells were
plated at the same density and serum starved for 24 h before protein extraction.

Genomic analysis. Exome sequencing was performed for 3 out of the 13 patients enrolled in this study
(F2688-1, F6136-1, F7511-1), following standard procedures. Briefly, genomic DNA was randomly fragmented,
generating 150-200 bp fragments. DNA library was enriched for exome sequencing using the Truseq Enrichment
kit (TIllumina, CA, USA) and sequenced on Hiseq2500, generating 100 bp paired reads. Mean coverage was 100x.
Burrows-Wheeler Aligner (BWA) algorithm was used to align the sequences and SNVs were identified with
SOAPsnp. We limited our analysis to genes related to actin cytoskeleton regulation according to canonical path-
ways on Ingenuity Pathways Analysis database (from nov/2016). The pathways selected were: Actin Cytoskeleton
Signaling, Regulation of actin-based motility by Rho, RhoA Signaling, cdc42 Signaling and Rac Signaling. A
genetic variant was considered as potentially pathogenic if: (a) it was a nonsense, frameshift, splicing or a missense
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variant predicted to be damaging; and (b) it has a frequency <0.01 on EXAC database, as well as on a database of
600 Brazilian controls®. As a predictor of damaging potential of the missense variants, we used the Combined
Annotation Dependent Depletion (CADD), a method that integrates different annotations into a single score**.
For variant inclusion, we considered only CADD-scores equal or higher than 20 (a score of 20 indicates that the
variant is among the top 1% most damaging variants of all possible substitutions of the human genome).

References

1.

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

22.

23.
24.

25.
26.
27.
. Rubeis, S. D. et al. CYFIP1 Coordinates mRNA Translation and Cytoskeleton Remodeling to Ensure Proper Dendritic Spine
29.
30.
3L

32.
33.

34.
35.
36.
37.

38.

Christensen, D. L. et al. Prevalence and Characteristics of Autism Spectrum Disorder Among Children Aged 8 Years - Autism and
Developmental Disabilities MonitoringNetwork, 11 Sites, United States, 2012. Morb. Mortal. Wkly. report. Surveill. Summ. 65, 1-23
(2016).

. Bourgeron, T. From the genetic architecture to synaptic plasticity in autism spectrum disorder. Nat Rev Neurosci 16, 551-563 (2015).
. Krey, . E & Dolmetsch, R. E. Molecular mechanisms of autism: a possible role for Ca2 + signaling. Curr. Opin. Neurobiol. 17,112-9

(2007).

. Scott, M. M. & Deneris, E. S. Making and breaking serotonin neurons and autism. Int. J. Dev. Neurosci. 23, 277-85 (2005).
. Betancur, C. Etiological heterogeneity in autism spectrum disorders: more than 100 genetic and genomic disorders and still

counting. Brain Res. 1380, 42-77 (2011).

. Sbacchi, S., Acquadro, E, Calo, I, Cali, F & Romano, V. Functional annotation of genes overlapping copy number variants in autistic

patients: focus on axon pathfinding. Curr. Genomics 11, 136-45 (2010).

. Griesi-Oliveira, K., Sunaga, D. Y., Alvizi, L., Vadasz, E. & Passos-Bueno, M. R. Stem cells as a good tool to investigate dysregulated

biological systems in autism spectrum disorders. Autism Res. 6, 354-61 (2013).

. Hu, V. W. et al. Gene expression profiling of lymphoblasts from autistic and nonaffected sib pairs: altered pathways in neuronal

development and steroid biosynthesis. PLoS One 4, €5775 (2009).

. Voineagu, I. et al. Transcriptomic analysis of autistic brain reveals convergent molecular pathology. Nature 474, 380-4 (2011).
. Hu, V. W. et al. Gene Expression Profiling Differentiates Autism Case—Controls and Phenotypic Variants of Autism Spectrum

Disorders: Evidence for Circadian Rhythm Dysfunction in Severe Autism. Autism 2, 78-97 (2009).

Sekino, Y., Kojima, N. & Shirao, T. Role of actin cytoskeleton in dendritic spine morphogenesis. Neurochem. Int. 51, 92-104 (2007).
Zhou, E-Q. & Cohan, C. S. How actin filaments and microtubules steer growth cones to their targets. J. Neurobiol. 58, 84-91 (2004).
Conde, C. & Céceres, A. Microtubule assembly, organization and dynamics in axons and dendrites. Nat. Rev. Neurosci. 10, 319-332
(2009).

Hutsler, J. J. & Zhang, H. Increased dendritic spine densities on cortical projection neurons in autism spectrum disorders. Brain Res.
1309, 83-94 (2009).

Marchetto, M. C. N. et al. A Model for Neural Development and Treatment of Rett Syndrome Using Human Induced Pluripotent
Stem Cells. Cell 143, 527-539 (2010).

Durand, C. M. et al. Mutations in the gene encoding the synaptic scaffolding protein SHANK3 are associated with autism spectrum
disorders. Nat. Genet. 39, 25-27 (2007).

Griesi-Oliveira, K. et al. Modeling non-syndromic autism and the impact of TRPC6 disruption in human neurons. Mol. Psychiatry
20, 1350-1365 (2015).

Joensuu, M., Lanoue, V. & Hotulainen, P. Dendritic spine actin cytoskeleton in autism spectrum disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 1, https://doi.org/10.1016/j.pnpbp.2017.08.023 (2017).

Yan, Z., Kim, E., Datta, D., Lewis, D. A. & Soderling, S. H. Synaptic Actin Dysregulation, a Convergent Mechanism of Mental
Disorders? J. Neurosci. 36, 11411-11417 (2016).

Flatau, G. et al. Toxin-induced activation of the G protein p21 Rho by deamidation of glutamine. Nature 387, 729-736 (1997).

Tu, S., Wu, W. ], Wang, J. & Cerione, R. A. Epidermal growth factor-dependent regulation of Cdc42 is mediated by the Src tyrosine
kinase. J. Biol. Chem. 278, 49293-49300 (2003).

Kim, H.-D. et al. Epidermal Growth Factor-induced Enhancement of Glioblastoma Cell Migration in 3D Arises from an Intrinsic
Increase in Speed But an Extrinsic Matrix- and Proteolysis-dependent Increase in Persistence. Mol. Biol. Cell 19, 4249-4259 (2008).
Schoenwaelder, S. M. et al. The protein tyrosine phosphatase Shp-2 regulates RhoA activity. Curr. Biol. 10, 1523-6 (2000).

Kircher, M. et al. A general framework for estimating the relative pathogenicity of human genetic variants. Nat. Genet. 46, 310-315
(2014).

Zhou, Y., Johnson, J. L., Cerione, R. A. & Erickson, J. W. Prenylation and membrane localization of Cdc42 are essential for activation
by DOCK?. Biochemistry 52, 4354-4363 (2013).

Niu, J., Profirovic, J., Pan, H., Vaiskunaite, R. & Voyno-Yasenetskaya, T. G Protein By Subunits Stimulate p114RhoGEF, a Guanine
Nucleotide Exchange Factor for RhoA and Racl: Regulation of Cell Shape and Reactive Oxygen Species Production. Circ. Res. 93,
848-856 (2003).

Tai, Y. et al. TRPC6 channels promote dendritic growth via the CaMKIV-CREB pathway. J. Cell Sci. 121, 2301-7 (2008).

Formation. Neuron 79, 1169-1182 (2013).

Hsiao, K., Harony-Nicolas, H., Buxbaum, J. D., Bozdagi-Gunal, O. & Benson, D. L. Cyfip1 Regulates Presynaptic Activity during
Development. J. Neurosci. 36, 1564-1576 (2016).

Oguro-Ando, A. et al. Increased CYFIP1 dosage alters cellular and dendritic morphology and dysregulates mTOR. Mol. Psychiatry
20, 1-10 (2014).

Suzuki, A. M. et al. Altered mTORCI signaling in multipotent stem cells from nearly 25% of patients with nonsyndromic autism
spectrum disorders. Mol. Psychiatry 20, 551-552 (2015).

Miura, M. et al. SHED: stem cells from human exfoliated deciduous teeth. Proc. Natl. Acad. Sci. USA 100, 5807-12 (2003).
Espinha, G., Osaki, . H., Costa, E. T. & Forti, . L. Inhibition of the RhoA GTPase Activity Increases Sensitivity of Melanoma Cells
to UV Radiation Effects. Oxidative Med. Cell. Longebity 2016, 2696952 (2016).

Ascer, L. G. et al. CDC42 Gtpase Activation Affects Hela Cell DNA Repair and Proliferation Following UV Radiation-Induced
Genotoxic Stress. J. Cell. Biochem. 116, 2086-2097 (2015).

Puschmann, T. B. & Turnley, A. M. Eph receptor tyrosine kinases regulate astrocyte cytoskeletal rearrangement and focal adhesion
formation. J. Neurochem. 113, 881-94 (2010).

Genolini, C., Alacoque, X., Sentenac, M. & Arnaud, C. kml and kml3d: R Packages to Cluster Longitudinal Data. J. Stat. Softw. 65,
1-34 (2015).

Rigby, R. A. & Stasinopoulos, D. M. Generalized additive models for location, scale and shape,(with discussion). Appl. Stat. 54,
507-554 (2005).

Naslavsky, M. S. et al. Exomic variants of an elderly cohort of Brazilians in the ABraOM database. Hum. Mutat. 38,751-763 (2017).

SCIENTIFICREPORTS| (2018) 8:11138 | DOI:10.1038/s41598-018-29309-6 9


http://dx.doi.org/10.1016/j.pnpbp.2017.08.023

www.nature.com/scientificreports/

Acknowledgements

This study was supported by Funda¢io de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP/CEPID -
2013/08028-1) and Conselho nacional de desenvolvimento cientifico e tecnolégico (CNPq; grant number:
448536/2014-5). We would like to thank Dr. Meire Aguena, Ms. Vanessa Naomi and Dr. Monize Lazar, for
the technical support on library preparation and exome sequencing; the Statistic Service - Researcher Support
Office (Instituto Israelita de Ensino e Pesquisa — Albert Einstein Hospital); Dr. Mayana Zatz, for the access to the
database of Brazilian population genomic data; and Dr. Daniele Yumi Sunaga and Adriana Passos Bueno for their
contribution with the discussion and ideas for statistical analyzes.

Author Contributions

K.G.O. concieved and designed the study, performed the experiments, analyzed the data and wrote the
manuscript; A.M.S. and A.Y.A. manage the cell culture and perform the cytoskeleton dynamics experiments;
A.C.C.N.M. performed the statistical analysis; G.L.Y. and S.E. analyzed the genomic data; Y.T.M. and FL.E
performed and provided the reagents for the pull-down activity assay of RhoGTPases; A.L.S. performed,
analyzed and contributed with reagents for western blotting experiments; E.Z. and E.V. evaluated the patients;
M.R.PB. supervised the study, provided funding and aided in manuscript preparation. All authors reviewed the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29309-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11138 | DOI:10.1038/s41598-018-29309-6 10


http://dx.doi.org/10.1038/s41598-018-29309-6
http://creativecommons.org/licenses/by/4.0/

	Actin cytoskeleton dynamics in stem cells from autistic individuals

	Results

	Discussion

	Material and Methods

	Patients and Cell lines. 
	Production of RBD-GST and PBD-GST Fusion Proteins for RhoGTPases Activity Assay. 
	RhoA, Rac1 and Cdc42 GTPases Activity Assay. 
	Functional analysis of actin cytoskeleton dynamics. 
	Statistical Analysis. 
	Expression analyses of RhoGTPases. 
	Genomic analysis. 

	Acknowledgements

	Figure 1 Dynamics of actin re-polymerization on SHEDs.
	Figure 2 Adjusted models for actin re-polymerization dynamics.
	Figure 3 Predicted molecular alterations in actin polymerization regulatory pathway.
	Figure 4 RhoGTPases protein expression.
	Table 1 Clustering analysis of the samples according to the pattern of actin re-polymerization dynamics.
	Table 2 Single nucleotide variants in genes related to cytoskeleton dynamics regulation in individuals F6136-1, F2688-1 and F7511-1.




