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1 | INTRODUCTION

The mitogen-activated protein kinase (MAPK) cascades are evolution-
ary conserved intracellular signal transduction pathways that respond
to various extracellular stimuli and control a large number of funda-
mental cellular processes.> Mammalian cells have been described
with four well characterized canonical MAPK pathways, each
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This study aimed to widen the knowledge of a recently identified, autosomal-reces-
sive, multiple congenital anomalies syndrome to date observed in only other three
children. This is the second report of biallelic mutations in MAPKAPK5 whose impair-
ment during human development has been associated with neurological, cardiac, and
facial anomalies combined with fingers and toes malformations. Through the affected
patients' genetic and phenotypic features overlap, this report confirms MAPKAPK5 as
causative gene and adds unique neurodevelopmental characterization. Moreover,
based on the complex congenital genitourinary anomalies reported and MAPKAPK5
literature review, we also propose kidney and external genitalia involvement as a key

syndromic feature whose expressivity may be more severe in males.

ambiguous genitalia, CAKUT, congenital heart defects, MAPKAPK5 gene, MK5 developmental
disorder, nails dysplasia, olfactory bulbs

consisting of three distinct protein kinase units: MAPK, MAPK kinase
(MAPKK), and MAPK kinase kinase (MAPKKK), which operate by
phosphorylating/interacting with a broad range of additional upstream
and downstream components and/or other substrates.>™ In the last
decade, while these pathways have been extensively investigated and
linked to a wide spectrum of human diseases, the downstream
MAPK-activated protein kinases' (MAPKAPKS) role remains poorly
understood.””” MAPKAPKs include the p90 ribosomal-Sé-kinases
(RSK1-3), the mitogen- and stress-activated protein kinases MSK1/2,
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the MAPK-interacting kinases MNK1/2 and the MAPKAP kinases:
MK2, MK3, and MK5/PRAK.” To the best of our knowledge only con-
stitutive RSK2 (MIM 300075) deleterious variants had been recog-
nized responsible for Coffin-Lowry syndrome (MIM 303600),% and
recently Horn et al. first identified biallelic truncating variants in
MAPKAPK5 (MIM 606723), also designated as PRAK or MK5 whose
locus lies on 12q24.12-q24.1 chromosome,’ leading to a novel auto-
somal recessive developmental disorder.2 Here, we report on an addi-
tional affected child whose features and life-long medical follow-up

get new insights on this new rare condition.

2 | MATERIAL AND METHODS

21 | Subjects

All subjects or their legal representatives gave written informed con-
sent to the molecular genetic analyses and the publication of the
results. Written parental informed consent was obtained for the par-
ticipation of the children in this study and for the publication of clini-

cal photographs.

2.2 | Whole exome sequencing

WES was performed on proband, sibling and parents' DNA using the
Twist Human Core Exome Kit (Twist Bioscience), according to the
manufacturer's protocol and sequenced on the Illumina NovaSeq
6000 platform. The BaseSpace pipeline and the Geneyx software
LifeMap Sciences were respectively used for the variant calling and
annotating variants. Sequencing data were aligned to the hgl9 human
reference genome. The variants were filtered analyzed in silico by
using Combined Annotation Dependent Depletion (CADD), Sorting
Intolerant from Tolerant (SIFT), Polymorphism Phenotyping v2
(PolyPhen-2) and Mutation Taster for the prediction of deleterious
non-synonymous SNVs for human diseases. Global minor allele fre-
quency (MAF) for analyzed variants was calculated according Genome
Aggregation Database (gnomAD). Based on the guidelines of the
American College of Medical Genetics and Genomics (ACMG), a mini-
mum depth coverage of 30x was considered suitable for analysis.
Variants were also examined for Qscore and visualized by the Integra-
tive Genome Viewer (IGV).

3 | RESULTS

The proband is a male, second child of healthy non-consanguineous
parents whose family history was not informative for any genetic dis-
eases. The 20 weeks of gestation (WG) fetal scan showed prefrontal
edema, nasal bone hypoplasia, increased nuchal translucency, suspi-
cious of aortic coarctation and ambiguous genitalia. Standard karyo-

type obtained from amniotic fluid cells' culture and CGH Array

analysis tested normal. Due to premature rupture of membranes, the
proband was born preterm by cesarean section at 34.6 WG. At birth sev-
eral dysmorphic features were noted (Figure 1A,B): brachyturricephaly,
round face; sparse hair and eyebrows; strabismus; short, narrow, and
slightly downslanted palpebral fissures; hypoplastic nasal root; bulbous
overhanging nasal tip; posteriorly rotated, low-set ears with folded helix;
Pierre-Robin sequence and gingival hypertrophy; long philtrum; small
mouth with thin lips; short neck; hands with short fingers; feet with wide
first toes and marked nails hypo—/dysplasia (Figure 1C-F). Moreover,
the ambiguous genitalia were characterized as follows: right cryptorchi-
dism with ipsilateral hemiscrotum's hypoplasia, penoscrotal transposition
and coronal hypospadias (Figure 1G). His birth parameters were weight
1980 g (13°C), head circumference 30.5 cm (10°C), length 42 cm (4°C).
The infant's Apgar scores were 8 at 1 min and 5 at 5 min. He first
needed oxygen supplementation (FIO2: 0.30) followed by nasal contin-
uous positive airways pressure treatment up to the 5th day of life. Dur-
ing the first week of life, total parenteral nutrition was undertaken;
then enteral support through gavage was established. At the age of
3 months, he was subjected to percutaneous gastrostomy. During the
following hospitalizations, the child required a multispecialistic
approach. The cardiological surveillance showed over the time a stable
framework of partially fused bicuspid aortic valve, slight ascending aor-
ta's dilation and dysmorphic aortic arch with mild acceleration flow.
Regarding the central nervous system, a magnetic resonance imaging
(MRI) of the brain was performed at the age of 14 months. This exami-
nation revealed several anomalies including corpus callosum hypoplasia,
dilated fourth ventricle communicating with the cisterna magna, mild
vermian and ventral pons hypoplasia (Figure S1A,B), absence of olfac-
tory bulbs associated with left olfactory sulcus (OS) aplasia and hyper-
plasic appearance of the right (Figure S1C). Reduced thickness of
cerebral white matter was also detected (Figure S1D,E). To further
investigate his neurophenotype, we performed visual and auditory
evoked potentials, which tested normal. Electroencephalographic ana-
lyses highlighted slow posterior activity and poor representation of
NREM sleep graph-elements. To date, at the age of 19-month, the
patient has not developed seizures, but he presents a global severe
developmental delay. A whole body skeletal X-rays examination did not
show segmental and/or appendicular anomalies. At age of 9 months,
the patient was subjected to a renal scintigraphy reveling a separate
uptake fraction due to left kidney functional impairment (Figure S1F).
In addition, right orchidopexy was carried out at the age of 17 months
as the first reconstruction step of the perineal malformation showed.
Thus, we performed a WES analysis on proband, sibling and parents'
DNA which revealed the homozygous nonsense variant in MAPKAPK5
gene, NM_003668.4: ¢.1180C > T, p.(Arg394Ter) inherited from the
heterozygous carrier parents and identified in the unaffected sibling in
heterozygous state (Figure S2). The deleterious variant p.(Arg394Ter)
has never been reported before, it is predicted disease causing by
Mutation Taster with a global minor allele frequency of 0.000004304
in gnomAD, it is predicted deleterious due to a CADD score of 38 and
can be classified as pathogenic according to the ACMG criteria (PVS1,
PM2, and PP3).1°
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FIGURE 1 Clinical picture and patient's dysmorphisms (detailed in text) of the face at birth (A,B), at 15 months (C,D); of the feet (E) with right
foot in magnification panel (F); and of urogenital system (G) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 On the top: ideogrammatic representation of the MAPKAPKS5 gene; exons are depicted as blue boxes and introns as gray lines.
Down (between arrows): MAPKAPKS5 protein structural organization depicted by using ProteinPaint'! showing the kinase domain and its
subdomains (ATP-binding site, activation loop, and polypeptide binding site), active sites and binding sites (ERK3 and ERK4 marked in dark
gray).121% Known MAPKAPK5 truncating variants are plotted as black dots across the protein. The numbers 1 and 473 represent the protein's first
and last amino acid. [Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION spectrum of the related clinical disorder. To date only truncating variants,
both impinging MK5 functional domains and its interacting proteins'
This study identifies a novel homozygous loss-of-function variant in docking sites (Figure 2), have been identified in affected individuals.® This

MAPKAPKS5 in an additional child whose congenital anomalies broad the may also reflect a key genomic impairment underlying its etiology.
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Although our patient did not present postaxial polydactyly of
hands and feet (that has been totally reported in two out of four
patients), he showed hands with short fingers and feet with wide first
toes and marked nails hypo™/dysplasia. All patients present congenital
heart defects (CHDs) resulting in a complex condition in three out of
four, as summarized in Table 1, but different from those CHDs mainly
detected in 60%-90% of patients affected by RASopathies'* and fall-
ing in its atypical subgroup (Atypical Cardiac Defects, ACDs).2> While
this evidence strongly suggests the need of ACDs careful investiga-
tion and longitudinal follow-up due to their possible impact on
patients' clinical outcomes, it also confirms a limited degree of clinical
overlap with the RASopathies' phenotypic spectrum.’>¢ Indeed,
although affected individuals can show failure to thrive in both of
these conditions, CHDs and/or ACDs, their dysmorphic features and
congenital anomalies substantially diverge, and developmental delay
appears severely compromised in MAPKAPK5-related ones. In this
regard, all MK5 developmental disorder's affected patients share a
common pattern of severe global hypotonia and psychomotor delay;
three out of four showed microcephaly over the time, and all their
depicted EEG

(Table 1). Brain anomalies were constantly reported with a variable

neurophysiological examinations abnormalities
degree and intersection of dilated lateral ventricles, vermian and/or
cerebellar hemispheres hypoplasia, and thin/hypoplasic corpus cal-
losum. In addition, our patient also showed novel features of bilateral
absence of olfactory bulbs associated with left OS aplasia and hypo-
plastic aspect of the right one. These malformations seem to be spe-
cific and to differ from other primary olfactory system's
anomalies.?”*® All these features, taken together, further confirm a
role of MKS5 in neuronal morphogenesis and plasticity as already char-
acterized in a Mapkapk5~—/~ mice model.*’

Finally, it is also worth of mention the overall role of the MAPK/
ERK pathway in congenital anomalies of the kidney and urinary tract
(CAKUT)'s onset.?® Indeed, MAPK/ERK activity not only contributes
to the regulation of ureteric bud (UB) branching morphogenesis (dic-
tating kidney final size, shape, and nephron number), but it is also
involved in nephric duct connection to cloaca, whereas inhibition of
MEK proteins leads to a decrease in proliferation in the UB tip cells
and abnormal branch formation.?*?? To note three out of four
reported patients showed a composite clinical picture of: kidney hypo-
plasia, hydroureteronephrosis and external genitalia malformation in
males who both show hypospadias (Table 1). Thus, although MK5
involvement in CAKUT deserves to be further investigated, we sug-
gest kidney and the genitourinary system's impairment as a prominent
MAPKAPKS5-related disorder's feature that may also help clinicians to
better recognize, properly screen and manage this novel rare

condition.
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