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Activating RAC1 variants in the switch II
region cause a developmental syndrome
and alter neuronal morphology

Siddharth Banka,"? Abigail Bennington,® Martin J. Baker,** Ellen Rijckmans,®”’
Giuliana D. Clemente,*® Nurhuda Mohamad Ansor,>° Hilary Sito, Pritha Prasad,?
Kwame Anyane-Yeboa,'? Lauren Badalato,'* Boyan Dimitrov,'? David Fitzpatrick,**
Anna C. E. Hurst,»* Anna C. Jansen,”’'®> Melissa A. Kelly,® Ian Krantz,"’

Claudine Rieubland,'® @Meredith Ross,'® Natasha L. Rudy,'* Javier Sanz,'®
Katrien Stouffs,”’*? Zhuo Luan Xu,'” Angeliki Malliri,> Marcelo G. Kazanietz*
and ®Tom H. Millard?

RAC1 is a highly conserved Rho GTPase critical for many cellular and developmental processes. De novo missense
RACI1 variants cause a highly variable neurodevelopmental disorder. Some of these variants have previously been
shown to have a dominant negative effect. Most previously reported patients with this disorder have either severe
microcephaly or severe macrocephaly.

Here, we describe eight patients with pathogenic missense RAC1 variants affecting residues between Q61 and R68
within the switch Il region of RAC1. These patients display variable combinations of developmental delay, intellectual
disability, brain anomalies such as polymicrogyria and cardiovascular defects with normocephaly or relatively milder
micro- or macrocephaly. Pulldown assays, NIH3T3 fibroblast spreading assays and staining for activated PAK1/2/3
and WAVE2 suggest that these variants increase RAC1 activity and over-activate downstream signalling targets.
Axons of neurons isolated from Drosophila embryos expressing the most common of the activating variants are sig-
nificantly shorter, with an increased density of filopodial protrusions. In vivo, these embryos exhibit frequent defects
in axonal organization. Class IV dendritic arborization neurons expressing this variant exhibit a significant reduction
in the total area of the dendritic arbour, increased branching and failure of self-avoidance. RNAi knock down of the
WAVE regulatory complex component Cyfip significantly rescues these morphological defects.

These results establish that activating substitutions affecting residues Q61-R68 within the switch II region of RAC1
cause a developmental syndrome. Our findings reveal that these variants cause altered downstream signalling, re-
sulting in abnormal neuronal morphology and reveal the WAVE regulatory complex/Arp2/3 pathway as a possible
therapeutic target for activating RAC1 variants. These insights also have the potential to inform the mechanism
and therapy for other disorders caused by variants in genes encoding other Rho GTPases, their regulators and down-
stream effectors.
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Introduction

RAC1 is a highly conserved Rho GTPase that switches between an in-
active GDP-bound state and an active GTP-bound state, in which it
can bind to and regulate the function of numerous cellular proteins.*
RAC1 plays several roles in the development and function of the ner-
vous system, including regulation of neuronal morphology and mi-
gration.? Functional importance of RAC1 is emphasized by its high
mutational constraint in the general population.? We recently de-
scribed de novo missense RAC1 variants, spread across the gene, re-
sulting in a highly variable neurodevelopmental disorder
(RAC1-NDD) (OMIM 617751).* Notably, the head circumferences of
the patients with RAC1-NDD ranged from -5 to +4.5 SD. We provi-
sionally divided RAC1-NDD patients into three broad phenotype-
based groups of microcephalic, normocephalic and macrocephalic.
We showed that some ‘microcephaly RACI variants’ are likely to
have dominant-negative effects. Macrocephaly was noted in two pa-
tients, both with RAC1 substitutions affecting the residue V51.
Normocephaly was noted in only one patient with a RAC1 Y64D vari-
ant. This variant was located in switch II, a region of RAC1 that
undergoes significant structural changes when RAC1 transitions be-
tween the GTP and GDP bound states. This Y64D substitution was the
only variant we found to be likely activating in our previous study.
Here, we describe eight patients with five distinct RAC1I variants
leading to substitution of three different residues all within a region
of switch II and show that this group of variants results in a
developmental syndrome. Using Racl-GTP pulldown assays,

immunofluorescence and NIH3T3 spreading assays, we demon-
strate that substitutions at these sites result in a higher proportion
of RAC1in the active GTP-bound state, increased RAC1 activity and
signalling via multiple downstream effectors, including the RAC1/
WAVE Regulatory Complex (WRC)/Arp2/3 pathway, and altered
cell morphology. Using a Drosophila model, we show that the most
common of these variants, Y64D, induces morphological changes
in embryonic neurons, causes axon fasciculation defects in the em-
bryonic CNS and increases branching of sensory neurons. Finally,
we show that Racl-Y64D-induced neuronal branching defects can
be rescued in Drosophila by knockdown of the WRC component
Cyfip, a homolog of human CYFIP1/2.

Materials and methods

We identified patients with RAC1 missense variants affecting the resi-
dues in the switch II region of RAC1 through the Deciphering
Developmental Disorders study” and via personal collaborations. The
Central Manchester and Cambridge South NHS Research Ethics
Committees approved this study (02/CM/238 and 10/H0305/83, respect-
ively). InterVar (http:/wintervar.wglab.org/) was used to apply the 2015
American College of Medical Genetics and Genomics (ACMG) guide-
lines for variant interpretation.® A customized proforma was com-
pleted to collate relevant clinical information. Informed consent from
patients or their legal representatives was obtained in all cases.
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Mutations were introduced into the coding region of human
RAC1 using Quikchange Lightning (Aligent) according to the manu-
facturer’s instructions and subcloned in pRK5-myc using BamH1
and EcoR1. RAC1-GTP pulldown assays were performed as previous-
ly described.” Briefly, HEK293 cells were transfected using
Jet-OPTIMUS transfection reagent (Polyplus). Transfected cells
were then incubated for 24 h before being lysed and active RAC1
isolated using the recombinant Cdc42- and RAC-interactive binding
(CRIB) domain of p21 activated kinase (PAK) fused to GST. The ratio
of isolated myc-RAC1-GTP to total myc-RAC1 was then assessed
using western blotting, probing for the myc-tag (Cell Signalling
Technologies #2278), followed by a goat anti-rabbit HRP secondary
(BioRad) and visualized using enhanced chemiluminescence.

Subconfluent NIH3T3 cells in a 24-well plate were transfected with
RAC1 variants in pRK5-myc using Fugene 6 transfection reagent
(Promega) according to the manufacturer’s instructions.
Twenty-four hours later, cells were trypsinized and replated on
13 mm coverslips coated with fibronectin. Thirty minutes after re-
plating, cells were fixed with 4% formaldehyde in PBS, then permea-
bilized with 0.1% Triton X-100 in PBS. Cells were then blocked with
1% BSA in PBS followed by incubation with primary antibodies in
blocking buffer and secondary antibodies in PBS. Finally, coverslips
were mounted using Prolong Gold antifade reagent with DAPI
(Invitrogen) and imaged using a Leica DL600 widefield compound
microscope with a 63x/1.40 NA oil objective. Antibodies used:
Anti-myc mouse monoclonal (9E10) (Sigma-Aldrich) 1:500;
Anti-phospho-Ser141 PAK-1/2/3 rabbit polyclonal (Thermo Fisher,
44-940G) 1:100; Anti-WAVE-2 (D2C8) rabbit monoclonal antibody
(Cell Signalling Technology, 3659) 1:100; Alexa-568 donkey anti-
rabbit secondary antibody (Invitrogen) 1:500; Alexa-488 donkey anti-
mouse (Invitrogen) 1:500; Alexa-568-phalloidin (Invitrogen) 1:500.

All image analysis was performed using Image]. Transfected cells
were identified by viewing myc-RAC1 staining and cells with mod-
erate expression levels selected for analysis. The Image]J ‘threshold’
function was used to segment cell perimeters using the phalloidin
channel, then the ‘analyse particles’ function was used to calculate
circularity index (4nx area/perimeter?). To quantify active-PAK
fluorescence, a 17 pm? region of interest was selected close to the
cell periphery using the myc-RAC1 channel without viewing the
active-PAK channel to avoid bias. The total fluorescence (raw inte-
grated density) in this region of interest in the active-PAK channel
was then measured. Background fluorescence measured in an area
of the coverslip with no cells was subtracted from the resulting va-
lue. Three independent repeats were performed for all cell culture
experiments. Statistical analysis was carried using Graphpad
Prism, and images were processed and compiled using Image]J,
Adobe Photoshop and Adobe Illustrator.

The following fly lines were obtained from Bloomington Drosophila
stock center: elav-Gal4 (stock 8760), ppk-Gal4 (stock 32079),
UAS-CD8-mCherry (stock 27392), UAS-Racl (stock 6293) and
UAS-Cyfip-RNAi (stock 38294). To generate flies expressing
Racl-Y64D under UAS-Gal4 control, the coding region of
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Drosophila Racl was amplified from a ¢cDNA clone and cloned into
pGEMT (Promega). Mutagenesis to introduce Y64D was carried out
using Quikchange Lightning (Aligent), and the resulting construct
subcloned into pUASp using Not I and Xba I. Transgenic flies were
generated using the resulting plasmid by BestGene Inc.

Drosophila primary neurons were cultured as described previously.?
In brief, 24 stage 11 embryos were dechorioned with 50% bleach,
washed briefly with 70% ethanol, then culture medium
[Schneider’s medium (Gibco), 20% foetal calf serum (Gibco)] and
homogenized using a micro-pestle in Hanks’ balanced salt solution
(Gibco) supplemented with collagenase, dispase and penicillin/strep-
tomyecin (Gibco) for 5 min at 37°C. Cells were washed with culture
medium, pelleted and resuspended in fresh culture medium. The
cell suspension was plated on glass coverslips and incubated at
26°C for 6 h, then fixed with 4% formaldehyde in PBS. Following per-
meabilization with 0.1% Triton X-100 in PBS (PBT), cell cultures were
stained with mouse anti-tubulin (Sigma Aldrich, T9026) at 1:1000 in
PBT, followed by anti-mouse Alexa-488 (Invitrogen) at 1:500 and
Alexa-568-phalloidin (Invitrogen) at 1:200 in PBT then mounted in
Prolong Gold containing DAPI (Thermo Fisher). Cultures were imaged
using a Nikon A1R confocal microscope, with a 60x Plan-Apo VC oil
objective. Images were analysed using Image].

Embryos were dechorionated by immersion in 50% sodium hypo-
chlorite (Sigma Aldrich) for 2 min, washed with water, then fixed
in 1:1 4% formaldehyde in PBS:heptane for 20 min at room tempera-
ture. The aqueous phase was removed and one volume of methanol
added to the heptane phase. The tube was shaken for 1 min and the
heptane/methanol removed. Embryos were washed with methanol
then PBT, then blocked with 2% BSA in PBT. Embryos were stained
with anti-Fasll (DSHB) at 1:100 followed by anti-mouse Alexa-488
(Invitrogen) at 1:500, both in blocking solution then mounted in
Prolong Gold containing DAPI (Thermo Fisher). Embryos were im-
aged using a Nikon A1R confocal microscope, with a 20x Plan-Apo
VC objective. Images were analysed and processed using Image]
and Adobe Photoshop. Segments were scored positive for a fascicu-
lation defect if the defect extended > half segment length.

L3 Drosophila larvae were anaesthesized using diethyl ether vapour,
essentially as previously described.® Briefly, selected larvae were
washed with water, dried, then placed in the lid of a 1.5ml
Eppendorf tube, which was placed in a closed bottle containing cot-
ton wool soaked in diethyl ether for 5 min. Anaesthetized larvae
were then mounted between a slide and coverslip, with additional
coverslips placed either side of the larvae to prevent crushing.
Images of cIVda neurons on the dorsal surface of segments Al-A4
were collected using a Nikon A1R confocal microscope, 20x
Plan-Apo VC dry objective. Images were analysed and processed
using Image] and Adobe Photoshop.

Experimental data will be shared on reasonable request from quali-
fied investigators.
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Results

Switch I comprises approximately residues 57-75 of RAC1 and is a
conserved structural feature of small GTPases that undergoes a
conformational change on exchange of GDP for GTP.'® Based on
our previous analysis of a single normocephalic patient with a
Y64D RAC1 variant, we hypothesized that some variants in the
switch Il region may cause a disorder distinct from the microceph-
alic and macrocephalic forms of RAC1-NDD.* Through collabora-
tions and the Deciphering Developmental Disorders study, we
identified eight patients (including the original patient in our previ-
ous study?) with missense variants affecting residues between Q61
and R68 of RAC1 (Table 1). These included four patients with the
identical Y64D variant and one patient each with Q61E, Y64C,
R68S and R68G variants. In all individuals, where investigation of
inheritance was possible, the variants were found to have occurred
de novo. All the variants affect amino acids that are highly con-
served across orthologs, paralogs and the wider RAS superfamily
(Fig. 1A). No variants affecting these residues are found in control
databases. All variants affecting residues 61 or 64 were classified
as pathogenic according to the ACMG variant interpretation guide-
lines (Supplementary Table 1). The two variants affecting residue
R68 were initially classified as variants of uncertain significance be-
cause both parents could not be tested to confirm the variants to be
de novo in these cases (Table 1). However, if the results of functional
studies described later in the manuscript are taken into account,
these variants could be reclassified as likely pathogenic
(Supplementary Table 1). Switch II is the primary binding site for
upstream regulators and also contains the G3 box which is involved
in GTP hydrolysis.’® Q61, mutated to glutamate in one patient, has a
well-established role in GTP hydrolysis, and substitution of this
residue has frequently been observed to activate small GTPases, in-
cluding RAC1.*"3 Y64 is not directly involved in nucleotide binding
or hydrolysis, but its side chain is exposed on the surface of switch
II (Fig. 1B), so substitution of this residue to aspartate or cysteine
may affect the ability of RAC1 to interact with upstream regulators.
The side chain of R68is predicted to form hydrogen bonds with sev-
eral other residues within and close to switch II (Fig. 1B), so substi-
tution of R68 to glycine or serine is likely to alter the structure of
switch II, potentially affecting GTP hydrolysis or interaction with
upstream regulators. These data suggest that RAC1 variants affect-
ing the residues Q61, Y64 and R68 identified in this study are patho-
genic or likely pathogenic.

Next, we studied the clinical phenotypes of the eight patients,
including the one patient with Y64D reported in a previous publica-
tion®. This cohort comprises of five females and three males aged
between 20 months and 15 years. Birth head circumference was
known in only one case and was within the normal range. Most re-
cent head circumferences were reported to be within normal range
in six out of eight patients. One girl with R68S, born pre-maturely in
the 26th week of gestation, had mild microcephaly of —2.2 SD at
4 years 5 months of age. One boy with a Y64D variant had mild
macrocephaly of +3.06 at 14 years of age. Age of independent walk-
ing was delayed in five out of seven children for whom information
on motor milestones was available. Although formal assessments
were not available for these patients, the recruiting clinicians re-
ported cognitive delay or intellectual disabilities ranging from
mild to severe in all patients. None of the affected individuals
were reported to have epilepsy. Brain MRI scans showed
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polymicrogyria in two patients, one with Y64C and one with the
Y64D variant (Fig. 1C). Brain MRI scans were not performed in two
individuals. Cardiovascular anomalies, such as ventricular septal
defects, atrial septal defects and patent ductus arteriosus, were
noted in four of eight patients. The patient with Q61E variant was
also noted to be significantly obese, with a weight of >6 SD at the
age of 2.5 years.

Comparison with previously published V51 RAC1-NDD patients
showed that, none of the patients in the current cohort had severe
macrocephaly (Table 2). Comparison with all other previously re-
ported (likely dominant negative) RAC1-NDD patients showed
that none of the patients in the current cohort had severe micro-
cephaly or epilepsy (Table 2). Although the patient numbers in
the three groups are still small, collectively, these data suggest
that RAC1 variants affecting residues Q61, Y64 and R68 in the switch
II region result in a developmental syndrome with a phenotypic
spectrum that is different from RAC1-NDD caused by other known
RAC1 variants.

To investigate whether the variants described above alter the pro-
portion of cellular RAC1 in an active state, we performed
RAC1-GTP pulldown assays using lysates of unstimulated HEK293
cells expressing patient variants or control RACI1 constructs.
Three of the five patient variants were selected for this analysis:
Y64D, Y64C and R68G. The level of RAC1-GTP pulled down by the
RAC binding domain of PAK was analysed by western blot and nor-
malized to the total level of RAC1in the lysate. A previously charac-
terized constitutively active variant of RAC1 (Q61L) exhibited
increased levels of GTP-binding relative to RAC1 wild-type (WT),
while a known dominant negative variant (T17N) exhibited reduced
GTP binding. All three of the patient variants analysed exhibited
significantly increased GTP binding relative to RAC1-WT (Fig. 2A
and B). The increase in RAC1-GTP levels varied between the differ-
ent variants, with the R68G variant exhibiting the largest increase.
One of the two patient variants not analysed here, Q61E, has previ-
ously been shown to increase RAC1-GTP levels in a similar pull-
down assay.’®> We, therefore, conclude that patient variants
affecting residues Q61, Y64 and R68 all increase levels of the acti-
vated GTP-bound form of RAC1.

RAC1 promotes the formation of lamellipodia and membrane
ruffles around the cell periphery as cells spread, so the morphology
of spreading cells is a useful cellular readout of RAC1 function.
Constitutively active RAC1 (Q61L) promotes the formation of la-
mellipodia around the whole cell periphery, causing fibroblasts to
exhibit a circular morphology, while dominant negative RAC1
(T17N) suppresses lamellipodia, leading to a stellate morphology
dominated by filopodia (Fig. 2C and E). We expressed RAC1-Y64D,
-Y64C and -R68G in NIH3T3 fibroblasts and examined their effect
on the morphology of cells spreading on a fibronectin-coated sur-
face. We found that cells expressing these variants typically exhib-
ited a circular morphology reminiscent of cells expressing
constitutively active RAC1, with the cell periphery dominated by la-
mellipodia and membrane ruffles (Fig. 2C and E). Cell circularity in-
dex (4nx area/perimeter?) provides a simple means of quantifying
cell morphology, and we found that RAC1-Y64D, -Y64C and -R68G
all induced significant increased circularity relative to RAC1-WT,
with circularity values for Y64C and R68G close to those induced
by Q61L (Fig. 2D). The variants all exhibited increased localization
to the cell periphery relative to RAC1-WT (Fig. 2C, arrows), and
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Activating RAC1 variants

this peripheral localization was particularly pronounced for the
Y64D and R68G variants.

Collectively, these data suggest that all the patient variants
studied here increase the proportion of cellular RAC1 in an active
GTP-bound state, increase RAC1 activity in cellular conditions
and alter cell morphology.

The WAVE regulatory complex is a downstream effector of RAC1in-
volved in regulating cell morphology in a variety of cell types in-
cluding fibroblasts and neurons.’*'* Binding of active RAC1
enables the WRC to activate the Arp2/3 complex, a nucleator of ac-
tin filaments,'®” and this RAC1/WRC/Arp2/3 pathway is impli-
cated in regulating lamellipodia assembly in fibroblasts and
axonal growth as well as initiation of collateral branches on axons
and dendrites in neurons."**>'® To test the effect of expressing the
activating switch Il variants on this signalling pathway, we stained
spreading NIH3T3 fibroblasts with antibodies against WAVE2, a
component of the WRC. In cells expressing WT or dominant nega-
tive RAC1, WAVE2 was detected in the perinuclear region of the cell,
but rarely at or close to the cell periphery. In contrast, cells expres-
sing constitutively active RAC1, RAC1-Y64D, Y64C and R68G exhib-
ited prominent WAVE2 localization at the cell periphery (Fig. 3A,
arrowheads), consistent with increased recruitment and activation
of the WRC at the lamellipodial leading edge by the activating
switch II variants.

The PAK family of protein kinases are activated by binding of ac-
tive RAC1 and are implicated in regulating a variety of cellular pro-
cesses including cell survival, proliferation and metabolism.'® To
test if this pathway is stimulated by the activating switch Il variants
we stained NIH3T3 fibroblasts expressing Y64D, Y64C and R68G
with an antibody specific for the activated form of PAK1/2/3 phos-
phorylated at S141. While some staining was detected for activated
PAK in cells expressing WT or dominant negative RAC1, this stain-
ing was restricted to the perinuclear region (Fig. 3B). In contrast, ac-
tivated PAK was detected throughout cells expressing constitutive
active RAC1 and all the switch Il variants tested, including punctate
accumulations at and close to the cell periphery (Fig. 3B, arrow-
heads), where little or no active PAK was observed in cells expres-
sing WT or dominant negative RAC1 (Fig. 3B). Quantification of
activated PAK staining close to the cell periphery suggested that le-
vels of activated PAK were significantly elevated in this region for
all switch II variants tested relative to WT RAC1, with levels highest
for Y64C and R68G (Fig. 3C).

Collectively, these data provide further evidence that all the ac-
tivating switch II variants studied here increase signalling through
multiple downstream pathways including the WRC and PAK family
kinases.

Given that all the activating switch II variants tested induce signifi-
cant morphological changes in fibroblasts (Fig. 2C-E), we hypothe-
sized that these variants may also alter the morphology of
neurons and that this could contribute to disease phenotypes.
Model organism studies have previously demonstrated a variety
of defects in neuronal morphology, including axonal misrouting
and altered dendritic branching when RAC1 function is
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impaired.>?**?* The Drosophila homolog of RAC1, named Racl, is
92% identical to its human equivalent, and Drosophila has proved
an excellent model for dissecting the functions of RAC1 in the ner-
vous system,'>?%?? so we chose this system to model the effects of
activating switch Il variants on neuronal morphology. Since Y64D is
the most frequently observed variantin our cohort, it was chosen as
an exemplar for activating switch II variants in this analysis. We
thus generated a Drosophila strain harbouring a transgenic copy of
Drosophila Racl-Y64D under the control of the conditional
UAS-Gal4 system, allowing targeted expression of this variant.

To examine the effect of Racl-Y64D on axonal growth and
morphology, we isolated neurons from stage 11 embryos expres-
sing Racl-Y64D under the control of the pan-neuronal elav-Gal4
driver and allowed the neurons to grow in culture for 6 h. At this de-
velopmental stage, axons are just beginning to extend,? allowing us
to capture the earliest effects of Rac1-Y64D on axonal growth and
morphology. We found that the axons of neurons expressing
Rac1-Y64D were around two-fold shorter than controls or those ex-
pressing Rac1-WT (Fig. 4A and B). Interestingly, Rac1-Y64D expres-
sion also resulted in an increase in the density of filopodial
protrusions along the axon shaft, structures previously identified
as precursors of collateral axonal branches (Fig. 4A and C, arrows).*®
These results suggest that Rac1-Y64D reduces the rate of axonal ex-
tension and promotes increased formation of collateral branch
precursors.

Our finding that axonal growth and morphology is perturbed in cul-
tured neurons expressing Racl-Y64D prompted us to investigate
whether we could detect axonal defects in the intact embryonic
nervous system. To examine axonal organization within the CNS,
we stained embryos expressing this Racl variant under the control
of the pan-neuronal driver elav-Gal4 with an antibody against
Fasciculin II (Fasll). The axons of neurons expressing Fasll bundle
into six fascicles that run longitudinally within the nerve cord
and any deviation from this arrangement is indicative of defects
in axonal morphology or routing.?? We found that while expression
of UAS-Rac1-WT did not cause any obvious changes in the fascicu-
lation of FaslII-positive axons, Rac1-Y64D expression resulted in fre-
quent defects in axonal organization, including absence of
fascicles, crossing of axons between fascicule tracks and defascicu-
lation of axons (Fig. 4D and E).

Since our data suggested that Rac1l-Y64D may increase the forma-
tion of neuronal branch precursors, we investigated the effect of
this variant on branching in more detail using an established model
system for this process; class IV dendritic arborization (cIVda) neu-
rons.” This neuron class forms highly branched dendritic arbors,
but since they exhibit self-avoidance and tiling, the morphology
of individual cells can be accurately imaged and analysed in
vivo.”? Racl-Y64D was expressed specifically in cIVda neurons
using the ppk-Gal4 driver alongside a fluorescent membrane mark-
er to allow the dendritic arbor of these cells to be easily visualized.
Expression of Racl-Y64D resulted in significant changes in the
morphology of clVda neurons (Fig. 5A and B). Firstly, the total
area of the dendritic arbor was reduced in Racl-Y64D expressing
cells. Secondly, the density of branching close to the cell body
was elevated compared to controls (Fig. 5D and E). Thirdly, crossing
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A
Human RACI1

Drosophila RACI1
Human RAC2
Human RAC3
Human CDC42
Human KRAS

B

C

Figure 1 RAC1 switch II variants cause a neurodevelopmental disorder. (A) Alignment of switch Il region of RAC1 and related small GTPases. Residues
in RAC1 affected by described variants are indicated in bold. (B) Structure of RAC1 bound to GTP analogue (Protein Database ID 1MH1)**. Switch Il region
indicated. Hydrogen bonds predicted to be formed between R68 and other residues in RAC1 are indicated by dashed lines. Image preparation and
hydrogen bond prediction performed using UCSF ChimeraX. (C) T;-weighted brain MRI images of Patient 3 with the Y64C variant illustrating bilateral
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Table 2 Group-wise comparison of selected clinical features of RAC1-NDD patients

Group Q61-R68 RAC1-NDD V51 RAC1-NDD All other RAC1-NDD
Variants Q61E, Y64C, Y64D, R68S, R68G V51L, V52M C18Y, N39S, P73L, C157Y
Number of Eight Two Four
individuals
Head —2.2to +3.06 +4.1 to +4.5 -25to0-5.0
circumference
SD
Epilepsy None None Two
Main brain MRI Polymicrogyria in two; Chiari 1 White matter Cerebellar anomalies, thin corpus callosum and mega
findings malformation in one; thin white matter and anomalies in two cisterna magna in three; enlarged lateral or 4th ventricles

corpus callosum in one

in two; thin brain stem in two

over of dendrites was observed, demonstrating failure of self-
avoidance, suggesting defective dendrite pathfinding.

A recent report demonstrated that dendritic branching by cIVda
neurons is initiated by activation of the actin-nucleating Arp2/3
complex downstream of Rac1 and the WRC.*® Since our cell culture
studies had suggested that Rac1-Y64D increases WRC activation,
we hypothesized that the increased branching density observed
on expression of Racl-Y64D might result from excessive activation
of the branch-promoting WRC/Arp2/3 complex pathway. To test
this hypothesis, we used RNAIi to knock down expression of the
WRC component Cyfip (homolog of human CYFIP1/2) in
Racl-Y64D expressing neurons. We found that Cyfip knock-down
rescued the morphological defects induced by Rac1-Y64D, in par-
ticular the increase in branches close to the cell body (Fig. 5A-F).
We quantified dendritic architecture using Sholl analysis, and
this indicated that the branching of neurons expressing
Racl-Y64D is significantly different to that of both control and
Racl-Y64D + Cyfip RNAI expressing neurons. Control neurons are
not significantly different to Rac1-Y64D + Cyfip RNAi neurons, dem-
onstrating that knockdown of Cyfip rescues the Rac1-Y64D pheno-
type (Fig. 5G). These results suggest that Rac1-Y64D induces defects
in dendrite morphology by over-activating the WRC and that redu-
cing WRC activity can suppress morphological defects induced by
Rac1-Y64D.

Discussion

We had previously reported a number of germline RAC1 variants as
causes for RAC1-NDD.* The RAC1-NDD patients could be divided
into broad categories according to their head circumferences.
Although we presented multiple patients with either micro- or
macrocephaly, we had identified only one patient, with a RAC1
Y64D variant, located in the switch Il region, with a head circumfer-
ence within the normal range. We now describe a total of eight pa-
tients with missense variants resulting in five distinct substitutions
of three residues within the Q61-R68 region within switch Il of RAC1
(Fig. 1). These patients are characterized by variable combinations
of developmental delay, intellectual disability, brain morphological
defects such as polymicrogyria and cardiovascular defects
(Table 1). Their phenotypic similarity with each other and absence
of extreme micro- or macrocephaly distinguishes them from pa-
tients with variants in other regions of RACI. Five out of eight

patients described here are less than 6 years of age and Patient
No. 7 (Table 1) was born prematurely in the 26th week of gestation.
This makes it difficult to compare the phenotypes of patients in this
cohort. However, even within this group of patients with activating
variants, there appears to be a substantial phenotype variability.
For example, the developmental delay ranged from mild to severe
and the head circumferences were between -2.2 and +3.0 SD.
There were differences in severity of the clinical features of pa-
tients with identical Y64D variants, which suggests possible roles
for genetic background or environmental factors in determining
the phenotype of this condition.

In our original study, our only functional data regarding Y64D
was that it induced morphological changes in cultured fibroblasts
reminiscent of those induced by constitutively active RAC1, leading
us to propose that this could be an activating variant.? The current
study considerably extends the functional understanding of this
variant and others affecting nearby residues. We confirm that all
of the switch II variants analysed here are activating by showing
that they all increase levels of GTP-bound RAC1, all promote fibro-
blast spreading and all stimulate downstream signalling pathways.
In our previous report, we described three variants affecting resi-
dues closely flanking the region of RAC1 explored in this study
(V51M, V51L and P73L), and none of these variants showed any evi-
dence of increased RAC1 activation.* Overall, these observations
suggest that variants affecting residues Q61-R68 form a distinct
class of activating RAC1 variants with shared mechanistic features.
Activating RAC1 mutations affecting residues outside of switch II
have been identified in various cancers,?* so it is possible that the
syndrome described here could potentially also be caused by var-
iants outside of the Q61-R68 region.

Recently, a de novo germline E62K variant of RAC2, a RAC1
paralog expressed primarily in the hematopoietic cell lineages,
was shown to cause severe T- and B-cell lymphopenia, myeloid
dysfunction and recurrent respiratory infections through
gain-of-function effects (OMIM 618986).>° Interestingly, de novo
germline Q61L and E62K variants in RAC3 have also been shown
to cause a neurodevelopmental disorder with structural brain
anomalies and dysmorphic faces (OMIM 618577).° However, no
functional studies have yet been performed for the RAC3 variants.
Germline Y64C, R66G and R68Q variants in CDC42, another Rho
GTPase closely related to RAC1, have been described to cause
Takenouchi-Kosaki syndrome (OMIM 616737), another neurodeve-
lopmental disorder.?’~?° Interestingly, Q61-R68 has also been iden-
tified as a somatic mutational hotspot in KRAS in colon and rectal
cancers.*” Overall, our and previous results suggest that the Q61-
R68 region of switch II may be prone to activating mutations
throughout the RAS superfamily.
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Figure 2 RAC1 switch II variants increase levels of GTP-bound RAC1 and alter fibroblast morphology. (A) Western blot of myc-RAC1-GTP (top panel)
pulled down from lysates of HEK293 cells expressing indicated RAC1 variant using PAK-CRIB probed with anti-myc. Lower two panels show blots of
raw lysates used in pulldowns probed with anti-myc to show total myc-RAC1 levels or anti-actin as loading control. Uncropped images of these blots
are shown in Supplementary Fig. 1. (B) Quantitation of relative GTP-RACI levels for indicated RAC1 variants. Calculated by dividing GTP-RAC1 band
intensity by total RAC1 intensity for each sample then normalizing to value obtained for constitutively active (Q61L) RAC1 in the same dataset. Bars
indicate mean + SEM. n=7 independent experiments for all variants, except Y64C and R68G where n=4. Data analysed in Graphpad Prism using mixed
effects model. *P <0.05. (C) Spreading NIH3T3 fibroblasts expressing indicated RAC1 variant stained with Alexa568-Phalloidin to label F-actin and anti-
myc to label expressed RAC1 variant. Second row shows magnification of a section of the cell periphery in the above image. Arrows indicate localization
of RAC1 variants to cell periphery. Scale bars in first column indicate 10 pm and apply to all images in the row. (D) Circularity of cells expressing in-
dicated RAC1 variant. n>50 cells pooled from three independent experiments. Line indicates mean value. Data statistically analysed using
Kruskal-Wallis test with Dunn’s correction for multiple comparisons. ***P <0.0001, **P <0.001, *P<0.05, ns P>0.05 relative to RAC1 WT. (E)
Categorization of cell morphology based on predominant protrusion type. Cell scored as >50% lamellipodia or filopodia if this protrusion type occupies
greater than 50% of cell periphery. n> 50 cells pooled from three independent experiments. CA = constitutively active; DN = dominant negative.
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Figure 3 RAC1 switch II variants increase WRC and PAK activity. (A and B) Spreading NIH3T3 fibroblasts expressing indicated RAC1 variant stained for
WAVE2 (A) or activated PAK1/2/3 (B). Top row: Staining for WAVE2 or activated PAK1/2/3 alone. Middle row: Merge of WAVE2 or activated PAK1/2/3 and
myc-RAC1 channels. Bottom row: Magnification of a region of cell periphery from above merged images. Arrows indicate peripheral accumulations of
WAVE?2 or activated PAK1/2/3. Scale bars in first column indicate 10 pm and apply to all images in the row. (C) Activated PAK fluorescence intensity at
cell periphery of NIH3T3 cells expressing indicated variant. n> 50 cells pooled from three independent experiments. Line indicates mean value. Data
statistically analysed using Kruskal-Wallis test with Dunn’s correction for multiple comparisons. *** P <0.0001, ns P > 0.05 relative to RAC1 WT. CA=
constitutively active; DN = dominant negative.

There are two likely explanations for pathogenic switch II var- residues or alter their position by inducing local conformational
iants causing activation: firstly, since switch II contains residues changes are likely to reduce the efficiency of GTP hydrolysis, thus
with a direct role in GTP hydrolysis, variants that change these increasing the proportion of cellular RAC1 in an activated,
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Figure 4 Expression of Rac1-Y64D alters axon morphology and organization in Drosophila embryos. (A) Representative images of cultured Drosophila
embryonic neurons extracted from stage 11 embryos of indicated genotype. Stained for tubulin, F-actin and DAPI. Arrows indicate filopodia. Scale bar =
10 pm and applies to all three images. (B and C) Quantitation of axon length of cultured Drosophila embryonic neurons and density of filopodia along
axon shaft. Eighty-five neurons analysed for each genotype extracted from 24 stage 11 embryos. Lines indicate mean values. Data statistically analysed
using Kruskal-Wallis test with Dunn'’s correction for multiple comparisons. *P <0.05, ***P <0.0001, ns P> 0.05 relative to control. (D) Representative
images of ventral nerve cord of stage 16 embryos with indicated genotype stained with anti-FaslI to reveal axon fasciculation in developing CNS.
Lower panels show magnified region from upper panels. Arrowheads show defasciculation and asterisks show fascicule breaks. Scale bars in first col-
umn = 10 pm and apply to all images in the row. (E) Quantitation of number of segments in which fasciculation defects are observed in ventral nerve
cord of stage 16 FaslI-stained embryos. At least 19 embryos analysed for each genotype. Lines indicate mean values. Data statistically analysed using
Kruskal-Wallis with Dunn’s correction for multiple comparisons. ***P <0.0001, ns P > 0.05 relative to control.

GTP-bound state. Of the variants described here, Q61E is most likely
to directly affect GTP hydrolysis since Q61 has a well-established
role in the hydrolysis process.** Although we did not perform func-
tional studies for the Q61E variant, this substitution has previously
been shown to increase RAC1 activity.'® The second possible mech-
anism is via altering interactions with regulators; for example, re-
duced affinity for GTPase activating proteins (GAPs) or guanine
nucleotide dissociation inhibitors would be expected to increase

basal activity of RAC1. For example, a E62K variant in RAC2
abolishes the ability of GAPs to accelerate GTP hydrolysis.”® The
crystal structure of RAC1 bound to the GAP sptP identifies Y64 as a
direct point of contact between the two proteins; therefore, it is pos-
sible that Y64D and Y64C variants increase RAC1 activity by impair-
ing interaction with GAPs.*' R68 is predicted to form several
hydrogen bonds that stabilize the structure of switch II, so substitu-
tion of this residue could impact GTP hydrolysis and/or regulator
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Figure 5 Expression of Rac1-Y64D alters dendritic branching in Drosophila sensory neurons. (A-C) Class IVda sensory neurons from dorsal surface of
segments A1-A4 of L3 larvae of indicated genotype. Neurons visualized using CD8-mCherry expressing under the control of ppk-Gal4. Scale bar indi-
cates 40 pm and applies to all three images. (D-F) Magnification of the area around the cell body for the cells shown in A-C. Scale bar = 40 pm and ap-
plies to all three images. (G) Sholl analysis of dendritic organization in which the number of times dendrites intercept a semicircle originating at the cell
body is plotted against the radius of the semicircle. The semicircle comprises the region of the neuron that is dorsal to the cell body, corresponding to
approximately the top half of the images shown in A-C. Graph shows mean + SEM of ~15 neurons for each data set. Statistical analysis by two-way

ANOVA. **P <0.0001, ns P> 0.05 relative to control.

binding by inducing local structural changes. Both the R68G and
R68S variants would be expected to disrupt hydrogen bonding with-
in switch II, so while we did not functionally analyze R68S, it is like-
ly to have a similar effect on RAC1 activity to R68G. While there are
clear mechanistic similarities between variants investigated here,
the extent and nature of changes in GTP hydrolysis and protein in-
teractions induced by each variant will differ, so their disease me-
chanisms are unlikely to be identical.

The increased activity observed for all of these variants is likely
to be significant as increased or decreased RAC1 activation has also
been detected in neurodevelopmental disorders caused by variants
in TRIO*? and HACE1,*® supporting the notion that tight regulation
of the level of RAC1 activity is important for proper neurodevelop-
ment and function. The increase in RAC1-GTP levels we observe for
Y64D, Y64C and R68G is smaller than for the constitutively active
Q61L mutant, which is unable to hydrolyze GTP and is therefore
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always in an active state. This mirrors the relative effects of these
mutants on fibroblast morphology and PAK activation and suggests
that the variants found in patients are still able to undergo a GTPase
cycle, albeit with a higher percentage of molecules in an active state
at any one time relative to WT RAC1. This likely also applies to
Q61E, which has previously been shown to activate RAC1, but less
strongly than Q61L.** Although we did not functionally character-
ize every variant in this study, there is no obvious correlation be-
tween the extent of RAC1 activation in our functional studies and
the severity of disease phenotypes for the variants studied.

In our Drosophila studies, we found that the Rac1-Y64D alters the
morphology and growth of neuronal axons and dendrites.
Specifically, we find that overall extension of axons and dendrites
is reduced, while branching is increased. Racl activity is known
to trigger branching of axons and dendrites,**?° leading us to pro-
pose that the elevated levels of active Racl-Y64D results in in-
creased frequency of branch initiation events at the expense of
axon/dendrite extension. Disorganization of axon fascicles in the
CNS of Drosophila embryos expressing Rac1-Y64D is also consistent
with altered axon morphology and/or pathfinding being a contrib-
uting factor in phenotypes caused by this variant. Notably, the den-
dritic branching phenotype induced by Racl-Y64D can be
suppressed by reducing levels of Cyfip, a specific downstream ef-
fector of Racl in Drosophila and humans and component of the
WRC. This result suggests that the Rac1-Y64D branching phenotype
is caused by overactivation of the WRC/Arp2/3 complex pathway.
Germline variants in the genes encoding WRC components (e.g.
CYFIP2 and WASF1) or for ubiquitous actins (e.g. ACTB and ACTG1)
have been implicated in a variety of neurodevelopmental disor-
ders.***3° Of note, overactivation of the WRC/Arp2/3 complex
pathway has been shown to underpin NDDs caused by variants in
CYFIP2.*° As well as increasing our mechanistic understanding of
the cellular and developmental effects of switch II variants, our
ability to genetically rescue phenotypes induced by Racl-Y64D
identifies the WRC/Arp2/3 pathway as a possible pharmacological
target for treatment of this and possibly other disorders in which
RACI1 activity is elevated. However, further research is needed to
explore whether these results can be reproduced in higher
organisms and establish a possible therapeutic window for such
interventions.

In summary, our results establish activating substitutions within
the switch Il region of RAC1 as a distinct cause of neurodevelopmen-
tal delay and delineate their clinical consequences, provide an in-
sight into the underlying disease mechanism and reveal a possible
therapeutic target. Furthermore, our findings suggest a potential
mechanistic and therapeutic convergence between variants in
RAC1 and several other related neurodevelopmental disease-genes
involved in regulation of Rho-GTPases and the WRC/Arp2/3 pathway.
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