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The GTPases of the Rho family were initially discovered due to their
homology to Ras GTPases (Madaule & Axel, 1985). To date,
approximately 20 Rho GTPases have been described in mammals, and
are important mediators of signaling pathways linking extracellular
signals to cytoskeletal changes, thereby regulating fundamental cellular
processes including cell adhesion, cell migration, and proliferation
(Etienne-Manneville & Hall, 2002; Olson, Ashworth, & Hall, 1995;
Yamamoto et al., 1993). Rho family GTPases are molecular switches,
which cycle between an inactive guanosine diphosphate- (GDP)-bound
form and an active guanosine triphosphate- (GTP)-bound form. The
activity of Rho GTPases is further controlled by cellular factors
including guanine nucleotide-exchange factors, GTPase-activating pro-
teins, and guanine nucleotide-dissociation inhibitors, which are all
capable of regulating the cycling of Rho GTPases between the active
and inactive states (Heasman & Ridley, 2008; Vetter & Wittinghofer,
2001). RHOA is a member of the Rho family of GTPases that stimulates
the formation of stress fibers and focal adhesions and is, therefore, a
key regulator of actomyosin dynamics in various tissues (Chrzanowska-
Wodnicka & Burridge, 1996; Nobes & Hall, 1995; Ridley & Hall, 1992).
In contrast to RhoB and RhoC, its closest homologs within the family of
Rho GTPases, RhoA-null mice have not been reported. Conditional,
tissue-specific deletion of RhoA demonstrates its physiological role
during neural development, apoptosis in the postnatal neocortex, and in
the regulation of skin cell proliferation and differentiation (Herzog et al.,
2011; Katayama et al., 2011; McMullan et al., 2003; Sanno et al., 2010).
In humans, germline pathogenic variants in RHOA have not been
described. Unlike for Ras family GTPases, for a long time, somatic
mutations in cancer were only very rarely reported for Rho family
GTPases including RHOA. Today, due to advances in sequencing
technologies, recurrent somatic mutations in RHOA, for example, in
angioimmunoblastic T-cell lymphoma, adult T-cell leukemia/lymphoma
as well as in diffuse-type gastric cancer and other solid tumors were
revealed (Kakiuchi et al, 2014; Palomero et al, 2014; Sakata-
Yanagimoto et al., 2014; Yoo et al., 2014).

In this study, we identified somatic mosaicism for a recurrent RHOA

variant in four unrelated individuals with overlapping clinical features. We

due to hemihypotrophy of one half of the body, as well as brain magnetic resonance
imaging (MRI) anomalies. Using whole-exome and ultra-deep amplicon sequencing and
comparing genomic data of affected and unaffected areas of the skin, we discovered that
all four individuals carried the identical RHOA missense variant, c.139G>A; p.Glu47Lys, in a
postzygotic state. Molecular modeling and in silico analysis of the affected p.Glu47Lys
residue in RHOA indicated that this exchange is predicted to specifically alter the
interaction of RHOA with its downstream effectors containing a PKN-type binding domain
and thereby disrupts its ability to activate signaling. Our findings indicate that the

recurrent postzygotic RHOA missense variant p.Glu47Lys causes a specific mosaic

hemihypotrophy, postzygotic mutations, RHOA, skin hypopigmentation, small GTPases

used the GeneMatcher (Sobreira, Schiettecatte, Valle, & Hamosh, 2015)
tool to connect the three centers at the University Hospital Cologne
(University of Cologne, Cologne, Germany), the Graduate School of
Medicine (Yokohama City University, Yokohama, Japan) and the
University of Oklahoma Health Sciences Center (Oklahoma City, OK),
in which clinical examination of patients and/or genetic analyses took
place, and we were able to show by next-generation sequencing (NGS)
approaches that all four individuals carry the identical missense variant,
c.139G>A; p.Glu47Lys, in the Rho family GTPase RHOA (MIM# 165390;
RefSeq NM_001664.4). Molecular modeling and in silico analysis of the
affected amino acid indicated that this exchange might alter the
interaction of RHOA with its downstream effectors and thereby disrupt
its ability to activate signaling.

All four individuals reported herein are born to nonconsan-
guineous families and are not related to each other. Subjects or
their legal representatives gave written informed consent, and all
studies were performed in accordance with the Declaration of
Helsinki protocols. The studies were reviewed and approved by
the local institutional ethics board (University Hospital Cologne,
University of Cologne; the Graduate School of Medicine,
Yokohama City University; University of Oklahoma Health
Sciences Center).

Individual 1 is a 35-year-old female of German origin. She was born at
term by uncomplicated spontaneous delivery as the first child of healthy
nonconsanguineous parents after an uneventful pregnancy. Her birth
weight was 2,900 g (-0.9 standard deviation [SD]), her birth length was
49 cm (-0.9 SD; Table 1). During growth, asymmetry was noted involving
limbs, feet, teeth, and the whole body including mild affection of the face,
which resulted in a right-sided hemihypotrophy. Additionally, an
abdominal ultrasound revealed the size differences of the kidneys
(right < left). Acral anomalies included brachydactyly and broad left first
toe (Figure 1a). Genome-wide chromosomal analysis (karyotype and
array-Comparative-Genomic-Hybridization), as well as genetic testing for
Silver-Russel syndrome (SRS; MIM# 180860), produced normal results.
Hypopigmentation of the skin was observed most prominently on the

right lower leg and was following the lines of Blaschko. Additionally, a
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(j)  Human PTVFENYVADJE}/DGKQVELALW (K) PRHOA  PTVFENYVADIE}DGKQUELALM
Rat PTVFENYVAD]EY/DGKQVELALW hRHOB  PTVFENYIAD]EYDGKQVELALW
Mouse PTVFENYVAD]EV/DGKQVELALW hRHOC  PTVFENYVAD]EYDGKQVELALW
Chicken PTVFENYVADIEY/DGKQVELALW hCDC42 PTVFDNYAVTM[GGEPYTLGLF
X. tropicalis  pPTVFENYVADYE}/DGKQVELALW hRAC1  PTVFDNYSANJMYDGKPVNLGLW
C.elegans  pTVFENYVAD]EJDGKQVELALW hRAC2  PTVFDNYSAN\MYDSKPVNLGLW
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FIGURE 1 Clinical characteristics of individuals harboring a recurrent somatic mosaicism in RHOA and in silico and functional
analysis of the identified RHOA variant p.Glu47Lys shown are Individual 1 (a, b), Individual 2 (c, d), Individual 3 (e, f), and Individual 4
(g, h). Shared physical features include hypopigmentation of the skin, length discrepancy affecting hands and feet, and limb anomalies
including brachydactyly and syndactyly. Hypopigmented streaks in Individual 1 are indicated by black arrow (a). Brain MRI of Individual
1 (b), Individual 2 (d), Individual 3 (f), and Individual 4 (h) showing multifocal white matter lesions, a lesion of the brainstem (b),
abnormalities of the periventricular and deep lobar white matter (d), and white matter lesions with multiple cystic changes (f).

(i) Representation of full-length human RHOA protein (RefSeq NM_001664.4; Uniprot: P61586). The relative position of the
pathogenetic variant identified in all three individuals is indicated by the arrow. Regions involved in GTP/GDP binding are depicted as
green boxes, red boxes represent switch regions of hRHOA. Conservation of the p.Glu47 residue across different species (j) and among
selected members of the Rho family GTPases (k). Protein sequences were prepared from UniProt (https://www.uniprot.org) and
alignment was performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo). Black boxes indicate the position of the
RHOA p.Glu47 amino acid. (I) HEK293T cells were transiently transfected either with an RHOA wild-type or mutant (Glu47Lys)
expression vector, or left untransfected as control (-). Immunoblot analysis was performed with FLAG antibodies (upper panel), and
equal protein loading was confirmed by reprobing the membrane with anti-B-actin antibodies (lower panel). The western blots were
performed in triplicate. (m) Structure of the GTP-bound form of RHOA complexed with the effector domain of PKN. Structural
information were obtained from the Protein Data Bank (www.wwpdb.org) and are available under the accession number 1CXZ. RHOA
and PKN are colored green and purple, respectively, in complex with GTPyS, a nonhydrolysable analog of GTP (left picture). A close-up
view of the RHOA p.Glu47 residue and its nearby residues (right picture). Hydrophilic interactions of RHOA residues with PKN are
shown as yellow dotted lines
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streak of depigmentation was observed on the right side of her scalp hair
(Figure 1a). Right-sided microdontia was noted. Brain magnetic resonance
imaging (MRI) during adolescence and adulthood revealed multifocal
white matter lesions, a lesion of the brainstem and small cerebellar
lesions (Figure 1b). Her cognitive and motor development was normal.
Her height is currently 154cm (-2.1 SD), and she has a 2 vyears
old healthy daughter.

Individual 2 is a 10-year-old female of Greek-Australian ancestry born
as the second child to nonconsanguineous healthy parents. Her
pregnancy was complicated by the detection of pyelectasis at 19 weeks
gestation and ventriculomegaly at 32 weeks gestation. Chromosomal
analysis of cultured amniocytes obtained by amniocentesis showed a
normal female karyotype. Her birth weight was 3,360 g (-0.2 SD), her
birth length 48 cm (-0.5 SD), and her head circumference 34 cm (-0.5 SD;
Table 1). She presented with right-sided hemihypotrophy. Facial
dysmorphism included a prominent forehead, large anterior fontanelle,
facial asymmetry, short palpebral fissures, a square jaw with micro-
gnathia, malar flattening, short philtrum, small mouth and dysplastic,
squared ears. We observed an unusual anterior hairline with a region of
alopecia in the scalp hair (Figure 1c). She had mild bilateral high-
frequency hearing loss currently not requiring the use of hearing aids, and
ophthalmology assessment identified bilateral anterior segment
dysgenesis with glaucoma and cataract. An ocular prosthesis was
implanted into the right eye, and she had cataract extraction, an intra-
ocular lens replacement, and placement of a tube shunt at her left eye.
She undergoes persistent glaucoma treatment with oral and tropical
therapies. She had complete syndactyly of the right third and fourth
fingers (Figure 1c) and was diagnosed with a moderately sized muscular
ventricular septal defect. Renal ultrasound was normal. She had feeding
difficulties requiring nasogastric feeding in the first year of life. By age
20 months, she developed mixed hypo- and hyperpigmentation of the
skin along Blaschko’s lines on upper and lower limbs, with hypopigmented
areas hypersensitive to ultraviolet light. Some primary and permanent
dentition were missing and teeth that were present were small,
misshapen and had developed caries. Her scalp hair was sparse and
showed progressive patchy alopecia (Figure 1c). At 2 years of age, she
developed focal clonic seizures which mostly occurred from sleep. No
anticonvulsants were prescribed and she has had no seizure recurrence
since the age of eight. MRI of the brain showed abnormalities of the
periventricular and deep lobar white matter in keeping with diffuse
periventricular leukoencephalopathy, and we observed abnormal signals
within the basal ganglia and thalami indicating multiple small cysts
(Figure 1d). Her current global development at the age of 10 years is
borderline to normal and mainly affected due to difficulties in reading
and writing related to her hearing and vision impairment. She
attends mainstream school with support. Her current height is
136.7 cm (-0.2 SD), and she has a 3 cm leg-length discrepancy.

Individual 3 is a 12-year-old female of Japanese ancestry born as
the second child of healthy nonconsanguineous parents after
38 weeks of gestation. Her birth weight was 2,562 g (-0.7 SD) and
the head circumference was 32.0cm (-0.7 SD; Table 1). She
presented with acral anomalies including syndactyly of the 2nd and

3rd toes of her left foot which was surgically corrected at the age of
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two (Figure 1e). Further, left-sided hemihypothrophy was observed.
After sustaining an accidental head trauma at the age of four, brain
MRI revealed multicystic periventricular white matter lesions of the
right lateral ventricles which were confirmed at a follow-up MRI at
11 years, revealing the slight progression of the observed lesions
(Figure 1f). Upon clinical examination, she presented with hypopig-
mented whorled lesions at the upper left (shoulder including upper
arm) and lower left (buttocks to knee) extremities, following
Blaschko’s lines (Figure 1e). Further examination revealed anomalies
of one permanent tooth (right incisor). Hearing impairment or eye
anomalies were not identified. Cognitive and motor development was
normal. Chromosomal analysis revealed a normal female karyotype
(46, XX). Her current height is 147 cm (-1.1 SD).

Individual 4 is a 3-year-old female of Native American and
German ancestry. She was born after 39 weeks of gestation via
cesarean section. During pregnancy, the ultrasound revealed renal
cysts. Prenatal chromosomal analysis showed a normal female
karyotype. Her birth weight was 2,410 g, her birth length 46 cm. At
the age of 2 months, left-sided hemihypotrophy and the leg-length
discrepancy were detected. She presented with facial dysmorphic
features including relative macrocephaly, triangular-shaped face,
prominent ears, posterior auricular prominent forehead, micro-
gnathia, a small mouth, and she had thin brittle hair (Figure 1g).
She failed newborn hearing screening and was diagnosed with right-
sided sensorineural hearing loss. Brain MRI which was performed
due to hypotonia showed large ventricles, leukomalacia, and a small
pituitary (Figure 1h). She had a dysplastic left kidney, renal function
of the right kidney was normal. The endocrine evaluation showed no
abnormalities and she had normal blood pressure. No cardiac issues
were detected. She developed skin anomalies including hyper- and
hypopigmented patches that were following the lines of Blaschko,
and pathological analysis of a skin biopsy of the affected area was
consistent with epidermal nevi. Genetic testing for imprinting
disorders was negative as well as testing for SRS. An SNP array
was performed which gave normal results showing only two regions
of homozygosity on Xqg22.29q23 and 5q14.3. She had feeding
difficulties leading to feeding via a PEG tube. Weight gain was
normal. Currently, she shows a global development delay and has
difficulties with expressive language. Hearing aids are applied, and
she gets speech and occupational therapy on a weekly base.

As the clinical features in all four individuals suggested genetic
mosaicism, our analysis focused on genomic data from nonblood
tissues. We performed whole-exome sequencing (WES) on DNA
extracted from a buccal swab from the left side of Individual 1 and
compared the results to WES data generated from DNA, which was
isolated from a skin biopsy of the right lower leg within a clearly
visible line of hypopigmentation of the same individual. DNA isolation
was carried out following standard protocols and WES was
performed as previously described (Altmiiller et al., 2016). WES data
analysis and filtering of variants were carried out using the exome
and genome analysis pipeline “Varbank” (https://varbank.ccg.uni-
koeln.de) of the Cologne Center for Genomics (University of

Cologne) and we obtained a mean coverage of 95 and 96 reads,
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and 88.4% and 89.6% of exome targets were covered at least 30x,
respectively. WES data were filtered for variants with coverage of
>30 reads, a minimum quality score of 10, and an allele frequency
(AF) 210%. Using the integrated DeNovoGear software (Ramu et al.,
2013), which allows the pair-wise analysis of exome datasets, we
identified only a single variant that differed between both samples.
This variant, c.139G>A, was located in exon 2 of the RHOA gene and
it was present at an AF of 24% (12 of 51 total reads) in DNA
extracted from the skin biopsy of Individual 1, whereas it was
completely absent in DNA from buccal swab of the same individual
(0 of 64 reads). Furthermore, we could confirm the RHOA ¢.139G>A
variant by PCR and subsequent Sanger sequencing on DNA from the
skin biopsy of Individual 1 (Figure S1). In Individual 2, targeted gene
panel sequencing of an MTOR related in-house panel covering 268
genes including RHOA was performed as previously described (Fujita
et al., 2019) on DNA derived from fibroblast obtained by skin biopsy.
We obtained a mean coverage of 767 for all coding bases and splice
junctions. Data were analyzed for somatic variants, which uncovered
a single variant, RHOA c.139G>A, that was present in a mosaic state
at an AF of 6.1% (58 of 955 reads). Similar to Individual 1, WES using
DNA extracted from blood and a skin biopsy was performed in
Individual 3. Somatic variant calling was performed with Varscan2
and MuTect2 (Cibulskis et al., 2013; Koboldt et al., 2012). We
identified the variant c.139G>A in RHOA in a mosaic state in eight
out of 27 reads (AF of 29.6%) in DNA extracted from the skin biopsy
of Individual 3, whereas it was absent in DNA from the blood of the
same individual (O of 37 reads). In Individual 4, WES was performed
on DNA extracted from blood and a skin biopsy of the affected
individual as described previously (Retterer et al., 2016). Whereas we
were not able to identify the c.139G>A variant in RHOA in DNA from
the blood (0 of 98 reads) of Individual 4, it was present in 24 out of
54 reads in DNA extracted from the skin biopsy (AF of 40.7%)
indicating genetic mosaicism of the identified variant.

The ¢.139G>A variant in RHOA, which we detected in all four
individuals, is not observed in any current database of human genetic
variations including the EXAC (http://exac.broadinstitute.org) and gno-
mAD (https://gnomad.broadinstitute.org) database (access date 27/11/
2019; Karczewski et al,, 2019; Lek et al., 2016). It is predicted to lead to
the substitution of a phylogenetically highly conserved glutamate at the
amino acid position 47 of RHOA by lysine (p.Glu47Lys; Figure 1i-k). In
silico prediction modelling using different prediction tools lead to
consistent variant classification of damaging (SIFT; https://sift.bii.a-star.
edusg; prediction score: 0.012; cutoff: 0.05), probably damaging
(PolyPhen-2; http://genetics.bwh.harvard.edu/pph2; HumDiv
0.997), disease-causing (MutationTaster; http://www.mutationtaster.

score:

org), and a CADD (https://cadd.gs.washington.edu) score of 33, respec-
tively, indicating deleteriousness of this variant. Similarly to its Rho
GTPase family members RAC1 and CDC42, RHOA is a highly conserved
protein that is under strict mutational constraint. For the canonical
transcript of RHOA (ENST00000418115.1; https://www.ensembl.org)
only 13 missense variants were reported in the gnomAD database in
contrast to 114 that were expected to be observed in the >140,000

exomes and genomes (z = 3.36).

To further determine the AF of this variant, we used an NGS-
based deep sequencing approach on DNA from skin samples from
each individual. In Individual 1, we found that the c.139G>A variant
had an AF of 11% in an unaffected area of the lower left leg, and 14%
and 28% at >200k fold coverage in two skin biopsies independently
taken from hypopigmented, affected areas of the lower right leg.
Samples taken from affected tissue of Individuals 2 and 3 had an AF
of 8.3% at >100k fold coverage and 25.6% at >10k fold coverage,
respectively. Notably, we detected the c.139G>A variant neither in
DNA from a buccal swab or blood-derived from Individual 1, nor in
DNA from the blood of Individual 3 (Tables S1-S3). Next, we
analyzed DNA extracted from parental saliva samples of Individual 2
and parental blood samples of Individual 3. We found that the
¢.139G>A variant had an AF of 0% at >80k fold coverage and >100k
fold coverage, respectively, in the mother and father of Individual 2,
and an AF of 0% at 9k fold coverage and >10k fold coverage in the
mother and father of Individual 3, respectively (Tables S2 and S3).

To analyze the effect of the p.Glu47Lys variant on RHOA protein
stability, we cloned wild-type (WT) and mutant RHOA complementary
DNA (cDNA) into a mammalian expression vector and tagged both with
an N-terminal FLAG tag. Transfection of HEK293T cells with both WT
and mutant RHOA and subsequent Western blot analysis revealed
comparable steady-state expression levels of both WT and mutant
RHOA proteins indicating that the p.Glu47Lys variant in RHOA does
not have any impact on RHOA protein stability (Figure 1l).

To gain further insights into the pathogenic effects of the RHOA
missense variant, we then modeled the p.(Glu47Lys) substitution on the
crystal structure of the GTP-bound form of RhoA complexed with the
effector domain of protein kinase N1 (PKN1; Maesaki et al., 1999).
p.Glu47 is highly conserved across species and within the Rho family
members (Figure 1jk). It is located in a three-stranded beta-sheet on the
surface of the protein, which allows its interaction with RhoA-binding
partners. As the p.Glu47 is located distant from the GTP binding site, the
p.Glu47Lys substitution is unlikely to affect the conformational stability
or the GTP binding or -hydrolysis activities of RhoA. Instead, we modeled
that p.Glu47 mediates the interaction with PKN1, a protein kinase
C-related serine/threonine kinase that can be activated by RHOA and
thereby regulates diverse cellular processes such as cytoskeletal changes,
cell adhesion, and vesicle transport (Amano et al., 1996; Mukai, 2003).
The PKN1 effector domain contains three alpha-helices, two of which are
assembled into a coiled-coil structure and involved in multiple interac-
tions with RHOA. At the interaction interface, two RHOA residues
(p.Glu47 and p.GIn52) are located close to each other and form
hydrophilic interactions with two basic residues of PKN1, p.Lys51, and
p.Arg47, respectively (Figure 1m). The RHOA p.Glu47Lys substitution
does not only disrupt the ionic interaction with the PKN1 p.Lys51, but
also generates an electrostatic repulsion with the two basic residues of
PKN1. The RHOA residues p.Glu47 and p.GIn52 are highly conserved
only among the Rho-like subfamily members RHOA, RHOB, and RHOC,
but not in other related small GTPase proteins including RAC1 and
CDC42, which highlights the importance of the interactions observed in
the complex structure for specific functions of RHOA (Figure 1jk).

Several RHOA-specific effector proteins contain a basic residue
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(Lys or Arg) corresponding to PKN1 p.Lys51, suggesting a common
mechanism of RHOA interaction and binding (Bishop & Hall, 2000;
Maesaki et al., 1999). Thus, p.(Glu47Lys) substitution, which we identified
in all four affected individuals, may directly affect the binding ability of
RHOA to its downstream effectors that contain a PKN-type interaction
domain and may thereby lead to compromised RHOA signaling.

In this report, we provide evidence that the RHOA variant
¢.139G>A causes a distinct phenotype comprising hypopigmentation
of the skin, dental anomalies, body asymmetry, and brain MRI
anomalies. Remarkably, all four individuals carry the identical RHOA
¢.139G>A variant in a postzygotic state.

The ¢c.139G>A; p.(Glu47Lys) RHOA variant affects a functionally
important residue. This variant has been detected in 13 of 66,223
unique samples within the COSMIC (Catalogue of Somatic Mutations
in Cancer; https://cancer.sanger.ac.uk/cosmic) database in samples
from cancer of the urinary tract (9), pleura (1), skin (1), soft tissue (1),
and the upper aerodigestive tract (1; Tate et al., 2019). Still, it is a
rather rare variant of RHOA observed in cancer. Most frequently,
mutations of p.Gly17 in RHOA are detected in cancer samples. This
mutation affects a highly conserved residue that is involved in GTP
binding, and functional analyses have revealed that it disrupts GTP
binding and thereby acts in a dominant-negative way regarding stress
fiber formation and transcriptional activation (Palomero et al., 2014;
Sakata-Yanagimoto et al., 2014; Yoo et al., 2014). Interestingly, the
mutated guanine nucleotide at position 139 is part of a CpG site.
Methylation of cytosines at these sites has been associated with high
mutation rates, as spontaneously occurring deamination of methy-
lated cytosine results in thymine. Due to the palindromic methylation
pattern, which often is observed at CpG sites, this might explain the
detection of this specific variant in all of our patients.

Currently, we can only speculate about the functional effects of the
RHOA p.(Glu47Lys) variant, which is located within the effector domain
of RHOA. Using structural modeling we showed that this variant affects a
residue that is directly involved in binding of the serine/threonine PKN1,
a downstream target of activated RHOA. As additional RHOA effectors
containing a PKN-type domain are known, including PRK2, rhotekin, and
rhophilin, the effect of the mutation might not be limited to compromised
effector signaling via PKN1 (Bishop & Hall, 2000; Maesaki et al., 1999).
Functional analyses of different residues in the RHOA effector domain
indicate that specific disruption of RHOA-PKN1 interaction has an
impact on actin stress fiber formation (Sahai, Alberts, & Treisman, 1998).
This could also be the case for the p.Glu47Lys variant and might point to
a possible dominant-negative effect of the variant. Additionally, Rho
family GTPases have also been shown to be involved in the transcrip-
tional regulation of a huge variety of cellular factors. In combination with
the serum response factor, RHOA can activate gene transcription from
c-fos serum response elements and can initiate PKN1-dependent
signaling events leading to activation of extracellular signal-regulated
kinase 6 and thereby regulating gene expression and cellular processes
(Hill, Wynne, & Treisman, 1995; Marinissen, Chiariello, & Gutkind, 2001).
However; further experimental studies will be needed to address this
possibility and to determine potential disease-causing mechanisms of the
identified p.Glu47Lys variant in RHOA.
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We were unable to identify the c.139G>A variant in DNA derived
from blood lymphocytes even with ultra-deep sequencing with up to
>200k fold coverage in all four individuals. This might indicate that the
presence of the variant could be disadvantageous for the cells and that,
therefore, cells carrying the variant are underrepresented or even
eliminated especially in highly proliferating tissue as it was shown for
different genetic disorders caused by mosaic mutation including, for
example, Proteus syndrome (Lindhurst et al,, 2011). Additionally, we
observed different variant allele frequencies during culturing of skin-
derived fibroblasts of 14% measured on genomic DNA in the initial skin
biopsy, and 10% after 30 days of culturing, as measured by ultra-deep
sequencing of a PCR-derived amplicon on cDNA derived from cultured
fibroblasts. It has been shown that RHOA is involved in cell cycle
regulation and cell proliferation (Villalonga, Villalonga, & Ridley, 2006).
Therefore, reduction of the number of mutated cells might be caused
by altered and slower cell proliferation compared to cells harboring
two WT RHOA alleles, or indicate lower expression levels of the
mutated c.139G>A allele.

The role of Rho family GTPases during brain development has been
intensively studied. Patients carrying heterozygous mutations in Rho
family members RAC1, RAC3, and CDC42 present with multiple brain
MRI abnormalities such as hypoplasia of the corpus callosum and
cerebellar vermis, enlarged ventricles, and periventricular white matter
lesions (Costain et al., 2019; Martinelli et al., 2018; Reijnders et al.,
2017). Targeted deletions of RhoA in spinal cord neuroepithelium,
midbrain, and forebrain of mice showed an impact on cell polarity and
cell-cell junctions (Herzog et al., 2011; Katayama et al, 2011).
Interestingly, RhoA also seems to be an important regulator of cell
survival and proliferation of neuronal progenitor cells as shown by
functional studies of dominant-negative mutants of RhoA (Numano
et al, 2009). The deletion of RhoA in the cerebral cortex of mice
revealed a crucial role of RhoA for neuronal migration in the developing
cerebral cortex (Cappello et al., 2012). Similarly to affected individuals
described here, these mice presented with a thinner cerebral cortex,
and detailed analyses revealed that the neuronal migration defects were
not caused by RhoA activity in migrating neurons themselves, but were
due to alterations and destabilization of the actin and microtubule
cytoskeleton of the radial glia scaffold, which is crucial for directing
migrating neurons.

Very recently, mutations in RHOA have been associated with the
mosaic neuroectodermal syndrome (Vabres et al.,, 2019). In six of
seven patients presenting with hypopigmentation, facial and acral
anomalies, and brain MRI abnormalities Vabres et al. (2019)
identified the identical missense mutation p.Glu47Lys in RHOA.
Interestingly, they observed a facial asymmetry in all affected
patients, whereas body asymmetry, which in our study was present
in all cases, was only reported in 2/7 patients.

In conclusion, we show that the recurrent postzygotic missense
variant p.Glu47Lys in RHOA causes a specific human phenotype
characterized by hypopigmentation of the skin, dental anomalies,
body asymmetry, and length discrepancy of limbs, as well as brain
MRI anomalies. In our study, all four individuals carry the identified

variation as a somatic mosaic variant, suggesting that, in contrast to,
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for example, other Rho family members like RAC1, RACS, and
CDC42 (Costain et al., 2019; Martinelli et al., 2018; Reijnders et al.,
2017), nonmosaic mutations in RHOA might be lethal, and we
speculate that the distinct phenotype observed in our patients is
caused by disruption of RHOA interaction with its effectors.
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