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Abstract: Introduction: Progress in the clinical application of next-generation-sequencing-based
techniques has resulted in a dramatic increase in the recognized genetic heterogeneity of the Rett
syndrome spectrum (RSS). Our awareness of the considerable overlap with pediatric-onset epilepsies
and epileptic/developmental encephalopathies (EE/DE) genes is also growing, and the presence
of variable clinical features inside a general frame of commonalities has drawn renewed attention
into deep phenotyping. Methods: We decided to review the medical literature on atypical Rett
syndrome and “Rett-like” phenotypes, with special emphasis on described cases with pediatric-onset
epilepsies and/or EE-DE, evaluating Neul’s criteria for Rett syndrome and associated movement
disorders and notable stereotypies. Results: “Rett-like” features were described in syndromic and non-
syndromic monogenic epilepsy- and DE/EE-related genes, in “intellectual disability plus epilepsy”-
related genes and in neurodegenerative disorders. Additionally, prominent stereotypies can be
observed in monogenic complex neurodevelopmental disorders featuring epilepsy with or without
autistic features outside of the RSS. Conclusions: Patients share a complex neurodevelopmental and
neurological phenotype (developmental delay, movement disorder) with impaired gait, abnormal
tone and hand stereotypies. However, the presence and characteristics of regression and loss of
language and functional hand use can differ. Finally, the frequency of additional supportive criteria
and their distribution also vary widely.

Keywords: epilepsy; epileptic and developmental encephalopathies; Rett syndrome; Rett syndrome
spectrum; Rett-like; stereotypies; movements disorders; neurogenetics

1. Introduction

Rett syndrome (RTT) was first described in the 60s, and then atypical forms were iden-
tified. Updated diagnostic criteria were developed in 2010 in an effort to avoid diagnostic
confusion (Table 1) [1]. The term “Rett-like” spread in the medical literature to describe
patients presenting with overlapping features but not satisfying criteria either for typical
or atypical RTT [2]. The dramatic evolution in the number of potentially involved genes,
paralleling the advent of next-generation-sequencing (NGS)-based techniques, promoted
the term “Rett syndrome spectrum (RSS)”, in order to better account for heterogeneity [2].
Following this input from implemented genetic testing, there has been renewed interest in
distinguishing clinical features, in order to enhance diagnostic accuracy and reduce pitfalls
in data interpretation.

As the rate of developmental and epileptic encephalopathies (DE/EE) genes causing
complex neurological phenotypes with reported “RTT-like” features is high, we reviewed
the literature with the aim of describing the clinical and genetic characteristics of patients
harboring pathogenic or likely pathogenic variants in genes causative of DE/EE and
epileptic phenotypes and described as having a “RTT-like” or atypical Rett phenotype, in
order to describe how this label is used in clinical and research practice with respect to
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current diagnostic criteria (Neul’s criteria) and what underlying conditions have been most
frequently implicated. In order to highlight their similarities and differences from typical
and atypical Rett, these conditions will also be summarized in the first part of this review.

Table 1. Neul’s criteria for typical and atypical Rett syndrome.

Required for Typical RTT Required for Atypical
(Variant) RTT Main Criteria Exclusion Criteria for

Typical RTT
Supportive Criteria

for Atypical RTT

• A period of regression
followed by recovery or
stabilization

• All main criteria and all
exclusion criteria

• Supportive criteria: not
required, although of-
ten present

• A period of regression
followed by recovery or
stabilization

• ≥2 out 4 main criteria
• 5 out of 11 supportive

criteria

• Partial/complete loss
of acquired purposeful
hand skills

• Partial or complete loss
of acquired spoken lan-
guage

• Gait abnormalities: im-
paired (dyspraxic) or
absent

• Stereotypic hand move-
ments (hand wringing,
squeezing, clapping,
tapping, mouthing and
washing/rubbing)

• Brain injury secondary
to trauma, neu-
rometabolic diseases, or
severe infection causing
neurological problems

• Grossly abnormal psy-
chomotor development
in the first 6 months of
life

• Breathing disturbances
when awake

• Bruxism when awake
• Impaired sleep pattern
• Abnormal muscle tone
• Peripheral vasomotor

disturbances
• Scoliosis/kyphosis
• Growth retardation
• Small cold hand

and feet

2. Typical RTT

RTT is an X-linked disorder characterized by four clinical stages. Following normal
early development, head growth often decelerates (between 2–4 months), followed by
psychomotor and purposeful hand movements regression (6–12 months). Between 1 and
3 years, autistic features, intellectual disability (ID), hand stereotypies (HS), abnormal gait,
motor dysfunction and breathing abnormalities take shape, followed by stabilization or
recovery [3–6]. If no sign of regression develops by 5 years, diagnosis should be ques-
tioned [1]. Later motor deterioration (teenage years) brings spasticity, dystonia, scoliosis
and/or parkinsonism (Table 2).

2.1. Epilepsy

Epilepsy is present in 60–80% of patients, usually from the second-third stage [3]),
with no typical semiology at presentation. Onset before 1 year is atypical [4], while onset
after 5 years predicts seizure control [5]. Focal-onset and bilateral tonic-clonic seizures
are frequent, as are early-life febrile seizures [3,5]. Generalized seizures correlate with
drug-resistance [3] EEG parallels clinical changes (Table 2) [5,6].

2.2. Movement Disorder (MD) and Stereotypies

In younger patients, hyperkinetic MD is prominent, with ataxia, dystonia, chorea,
myoclonus and, most typically, hand stereotypies (HS). These coincide with, or precede
the loss of purposeful hand movements in 60% of patients harboring MECP2 variants.
Individuals with typical RTT have the highest frequency and earliest onset. Hand mouthing
and clapping/tapping are frequent (more than wringing/washing). While hand function
decreases over time, HS prevalence and frequency remains relatively unchanged, although
variety decreases. Stereotypies other than manual tend to disappear with age [9].

2.3. Genotype-Phenotype Correlations

Pathogenic variants in the methyl-CpG binding protein 2 (MECP2) gene account for
95% of typical RTT [10]. Occasionally associated genes include Huntingtin (HTT), SWI/SNF
Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily A,
Member 1 (SMARCA1), Zinc finger protein 238 (ZNF238) [11], Succinate Dehydrogenase
Complex Flavoprotein Subunit A (SDHA), Kinesin Family Member 1A (KIF1A) [12], γ-
Aminobutyric Acid Type A Receptor Subunit Beta2 (GABRB2) [13], potassium voltage-
gated channel subfamily B member 1 (KCNB1) [2] and Jumonji Domain Containing 1C
(JMJD1C) [14].
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Table 2. Electroclinical characteristics of typical and atypical RTT syndrome.

Typical RTT CDKL5-Related Disorder FOXG1 Syndrome

Clinical Stages Electroclinical Stages Epilepsy Features

Early onset phase (6–12 months):
loss of acquired motor and language skills and

purposeful hand movements
Rapid destructive phase (1–3 y):

autistic features, intellectual disability, hand
stereotypies, abnormal gait/motor dysfunction,

onset of abnormal respiratory patterns
Stabilization phase (2–10 y):

improvements in behavior, eye contact and
hand function

Late motor deterioration (>10 y):
spasticity, dystonia, and scoliosis, loss of

independent walking in ambulant patients
EPILEPSY FEATURES

Mean onset: 4.7 y
Frequent FS, No specific seizure semiology

Stage I (Early epilepsy):
IS; Tonic-vibratory seizure, followed by a clonic

phase with series of spasms, gradually evolving into
repetitive distal myoclonic jerks, lasting 2–4 min

Onset: neonatal-4th month (median: 4 weeks)
Stage II (EE):

6 months–3 years (median: 11 months)
IS intermixed with brief tonic seizures

profound DD, no language or motor development,
massive hypotonia

Stage III (Late multifocal and myoclonic epilepsy):
ages: 2.5–11 y (median 7 y)

drug-resistant epilepsy with tonic seizures and
spasms, myoclonic jerks or atypical absences

Or epilepsy remission
Ages: 2.5–19 y (median 5 y)

Deletions and intragenic variants:
epilepsy onset within the second year

of life (mean: 22 months in [7])
various epilepsy types (focal impaired

awareness, myoclonic, and
bilateral tonic)

rate of drug resistance is high
Duplications:

IS (mean age at onset: 7.4 months).
Frequent focal seizures (onset:

5 months–6 years), often in association
with spasms [8].

in a minority: later recurrence of tonic
or myoclonic seizures

EEG EEG EEG:

Stage 1: N/posterior rhythms slowing
Stage 2: rolandic IED (drowsiness, sleep). sleep

architecture abnormalities
(poor/absent spindles)

Stage 3: abnormal background (posterior
slowing, absent sleep figures); bilaterally

synchronous bursts of pseudo-periodic delta and
generalized rhythmic spikes in sleep
Stage 4: abnormal, slow background

(wakefulness and sleep), central and/or vertex
theta (4–6 Hz), IED (multifocal spikes or sharp

waves during wakefulness and generalized slow
spike-wave complexes during sleep)

Stage I:
Interictal: N/slow. Ictal: bilateral and synchronous

flattening, followed by repetitive sharp waves
and spikes

Stage II:
Typical/modified hypsarrhythmia, very slow,

intermixed with focal spikes and polyspikes (F, C, O)
Stage III:

High-amplitude delta with pseudo-periodic bursts of
high-amplitude S, PS, SW predominating over the C,

T, T-O region

Deletions and intragenic variants:
slow background, multifocal S and
sharp waves, less frequently diffuse

theta excess
Duplications:

hypsarrhythmia/modified
hypsarrhythmia (onset)

multifocal S-slowW, bursts of
generalized S-slowW, or focal slowing

intermixed with high-amplitude
irregular S-slowW (follow-up)

3. RTT Variants
3.1. From “Early-Onset Seizure” Variant to “CDKL5-Related” Disorder

Epilepsy before 1 year of age is present in almost all patients carrying cyclin-dependent
kinase-like 5 (CDKL5) variants who are affected by epilepsy [3,4]. Early epilepsy with
normal interictal EEG and severe hypotonia are key early clinical features [15]. Neurological
examination reveals poor eye contact as early as epilepsy onset [16]. Some RTT features
(head growth deceleration, stereotypies, hand apraxia) become more evident in older,
ambulatory patients. Other RTT signs (nearly normal early development followed by
regression, with the loss of fine finger skills and intense eye communication) are absent [15].

3.2. Epilepsy

Typical clinical and EEG semiology can be identified, namely the peculiar tonic-
vibratory focal seizures followed by a series of spasms and an initially normal EEG that
later deteriorates (Table 2) [4,16–18].

3.3. From Congenital RTT Variant to FOXG1 Syndrome

Intragenic variants or duplications/deletions of the Forkhead Box G1 (FOXG1) gene
have been reported in the neurodevelopmental disorder (NDD) initially classified as “con-
genital RTT variant”. Afterwards, differing clinical features were recognized as sufficiently
distinct to delineate “FOXG1 syndrome” [8], which is more severe than RTT with respect
to ambulation, reciprocity, receptive language and sleep disorder, and lacking regression.
In total, 9.5% of FOXG1-positive females and less than 5% of males fulfill the diagnostic
criteria for RTT [19].

Two distinct phenotypes exist based on the presence of deletion/intragenic variant
versus duplication. In the first case, there is a complex NDD featuring acquired micro-
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cephaly, epilepsy, motor and cognitive delay, severe ID, a dyskinetic disorder and structural
brain abnormalities (corpus callosum hypoplasia, cortical thickening or a simplified gyral
pattern) [7,8,20]. Neurodevelopmental delay is a presenting feature, often accompanied
by poor feeding, irritability, hypotonia, and visual inattention [7]. Severe postnatal micro-
cephaly (−4 to −6 SD) becomes apparent after 1 month [19]. DD is severe-to-profound:
patients are usually non-ambulant with severely impaired functional hand use [21]. Rare
descriptions of a milder phenotype, with independent ambulation, spoken language, and
normocephaly are reported with missense variants. Hyperkinetic movements are a major
clinical feature [7].

Differently, duplications of 14q12 often present with infantile spasms, have ID with
major speech involvement [22] and autistic features. Almost all have normal head circum-
ference before 3 years [17].

Other genes causing the “early seizure variant” include syntaxin-binding protein 1
(STXBP1) [23] and Sodium channel, voltage gated, type VIII, α subunit (SCN8A) [24,25].

3.4. Epilepsy

Epilepsy is diagnosed in 78–87% of subjects with FOXG1-related disorders [19,21].
Patients with deletions/intragenic variants usually have their epilepsy onset within

the second year [19], with a variety of epilepsy types (Table 2). Drug resistance is com-
mon [4,21].

In contrast, subjects with FOXG1 duplications present with infantile spasms (mean
age at onset: 7.4 months) [21]. Most also exhibit focal seizures (onset: 5 months–6 years),
often in association with spasms [20]. In a minority of cases, tonic or myoclonic seizures
recur later on [21]. Electro-clinical characteristics are detailed in Table 2.

3.5. MD and Stereotypies

A wide variety of MDs has been identified, most commonly dystonia (76%), choreoa-
thetosis (88%) and orolingual/facial dyskinesias (80%). Ninety-three percent of patients
have a mixed MD [7]. Continuous dyskinesia with a mixture of hyperkinetic, dystonic, chor-
eic and athetoid movements, mainly involving limbs and face, and stereotypic movements
impairing purposeful hand use and fine motor skills are typical [20].

Stereotypies are present in 50% of patients: mouthing of toys, grasping, nail biting
and, rarely, midline wringing [19]. Stereotypies in the lower limbs (pulling, pedaling),
trunk (body rocking) and bruxism are less frequent [7].

Patients carrying the 14q12 duplication have mild hyperkinetic and perseverative,
stereotyped hand–mouth movements [20].

Abnormal movements’ onset falls within the first year of age [7], usually between the
fifth and twelfth month. No change in severity or semiology is observed over time [20].
Additional genes reported with atypical/variant RTT include γ-Aminobutyric Acid Type B
Receptor Subunit 2 (GABBR2), Potassium voltage-gated channel subfamily A member 2
(KCNA2), Histone Deacetylase 4 (HDAC4), Netrin G1 (NTNG1) and three genes not yet asso-
ciated with human disease when reported: annexin A11 (ANXA11), kinesin family member
4B (KIF4B) and RNA-polymerase I-specific transcription initiation factor 3 (RRN3) [26].
ANXA11 is now considered an amyotrophic lateral sclerosis (ALS types 1 and 23) gene,
and no further reports linked it to RSS. We found no further clinical reports pertaining to
RRN3 or KIF4B.

4. RETT-Like Phenotypes

Apart from a minority of patients harboring MECP2 [27] and FOXG1 [28] variants,
which will not be covered further in this review, overlapping RTT-like features have been
described in many DE/EE or epilepsy genes. These can be clinically divided into syndromic
versus non-syndromic monogenic [2]. Due to their clinical relevance in the differential
diagnosis, neurodegenerative conditions will also be reviewed.
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4.1. Syndromic Conditions
4.1.1. Pitt–Hopkins Syndrome (TCF4) and Pitt-Hopkins-Like Syndrome
(CNTNAP2, NRXN1)

Pitt–Hopkins syndrome (PHS) is a NDD with distinctive facial dysmorphisms and
overbreathing, severely impaired speech and (in some patients) progressive microcephaly
and epilepsy. Ataxic gait and stereotypies (hand clapping) are frequent. The classical
phenotype is mainly caused by heterozygous pathogenic transcription factor 4 (TCF4)
variants. Sporadic “RTT-like” patients with hand wringing [2] and atypical RTT with
unspecified HS have been reported [11,29].

No cases with atypical RTT/RTT-like phenotypes have been described with bi-allelic
loss of function variants in Contactin-associated protein-like 2 (CNTNAP2) and neurexin-1-
α (NRXN1) genes.

4.1.2. Cornelia de Lange (CdL) Syndrome (SMC1A, HDAC8, NIPBL, SMC3, RAD21)

This syndrome is characterized by ID, dysmorphic facial features, hirsutism, short
neck, major malformations (especially limb defects) and can be caused by pathogenic
variants in five genes. X-linked pathogenic variants in the structural maintenance of
chromosomes 1A (SMC1A) are associated with epilepsy in 45% of cases, usually generalized,
with onset in the first year of life in nearly 90% of cases [30]. Importantly, limb defects are
rare. Clinical phenotype can include stereotypic movements [30–32] and hand stereotypies,
microcephaly, in some cases regression, and rarely abnormal breathing, resulting in a
clinical diagnosis of typical RTT [2] or “RTT-like” in single patients [30]. A single patient
harboring a novel, de novo pathogenic variant in the X-linked histone deacetylase 8
(HDAC8) gene showed early-onset DD, loss of purposeful hand movements, psychomotor
deterioration (aged 6 years), distinctive facial features and multiple congenital anomalies
reminiscent of CdL. She also had epilepsy. Four main revised criteria, two exclusion
criteria and 10/11 supportive criteria classify her as RTT-like [33]. No cases with a clinical
diagnosis of “Rett-like” features have been reported in association with pathogenic variants
in nipped-B-like (NIPBL), structural maintenance of chromosomes 3 (SMC3) or cohesin
complex component (RAD21).

4.1.3. Phelan–McDermid Syndrome (SHANK3)

Autosomal dominant ID with speech impairment, hypotonia, epilepsy, autism, dys-
morphic features and renal and/or structural brain abnormalities have been described in
association with either intragenic variants or deletions involving the SH3 and multiple
ankyrin repeat domains 3 (SHANK3) gene. However, one patient classified as RTT [34] and
two as RTT-like [2] were reported.

4.1.4. Christianson Type X-Linked Mental Retardation Syndrome (SLC9A6, NHE6)

It is an X-linked syndromic form of profound ID with absent speech, epilepsy in 80%
of cases, frequent hyperkinetic MD (ataxic gait) with cerebellar atrophy, acquired micro-
cephaly, happy demeanor and autistic features. Regression has been seldom reported. Two
cases with RTT-like features and pathogenic variants in the Sodium-hydrogen exchanger 6
(NHE6) gene have been described [35,36], while no cases have been so far reported with
solute carrier family 9 member 6 (SLC9A6) gene variants.

4.1.5. Glass Syndrome (SATB2)

Although heterozygous disease-causing variants in the Special AT-rich sequence-
binding protein 2 (SATB2) gene are associated with Glass syndrome (NDD, speech impair-
ment, non-specific dysmorphic features and, frequently, cleft palate or teeth abnormalities,
with infrequent epilepsy and no regression), two RTT-like cases have been described, with-
out seizures or regression. The neurobehavioral profile was characterized by the absence
of purposeful hand movements, HS (wringing and tapping), poor sleep, ID and awake
bruxism. Brain MRI showed a simplified fronto-temporal gyral pattern in one, while EEG
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revealed increased high-amplitude delta activities in one patient and focal spike-and-wave
complexes in the second [37].

4.1.6. HNRNPU-Related Disorders

Heterogenous nuclear ribonucleoprotein U (HNRNPU) heterozygous pathogenic vari-
ants cause a DE/EE that can present with associated dysmorphic features and cardiac
and renal involvement [38], although patients without overt dysmorphisms have also
been described. Autistic features, prominent stereotypies [38–40] and, occasionally, ab-
normal breathing patterns reminiscent of RTT and PHS have been reported in single
patients [39,40].

4.1.7. MEIS2

Meis Homeobox 2 (MEIS2)-related disorder is an autosomal dominant syndromic
form of ID, characterized by ASD, minor dysmorphisms, atrial sept defects, ventricular
septal defects, oro-facial clefting and bifid uvula. One patient with epilepsy, HS and 3/11
Neul’s supportive criteria (impaired sleep, abnormal tone, intense eye communication)
had a RTT-like diagnosis [41].

5. Monogenic Non-Syndromic Conditions
5.1. DE/EE Genes

The involved genes are mainly linked to three major pathways: synaptic function (in-
cluding ion homeostasis, synaptic vesicle trafficking, and synaptic function for GABAergic,
glutamatergic or dopaminergic transmission), chromatin modulation and ubiquitin conju-
gation [42]. Associated OMIM diseases, clinical diagnoses within the RSS and a number of
included cases are listed in Table 3, while detailed clinical, EEG and genetic findings are
reported in Table S1. Neul’s criteria are depicted in Figures 1 and 2 and in Table S1.

Table 3. Genes reviewed in this paper, with associated OMIM disorders, inheritance, reported clinical diagnoses within the
Rett syndrome spectrum, number of patients and reference. As per OMIM nomenclature, the symbol “#” before a number
indicates a descriptive entry (a phenotype), while “*” indicates a gene.

GENE,
Function/Name Associated Disorder/OMIM# Inheritance Diagnosis within RSS

Spectrum REF

DE/EE Genes

Synapsis

Synaptic Vesicle Cycle

STXBP1 DEE4 (#612164) AD
Atypical: 7/12
RTT-like: 4/12

“Typical”: 1/12
[2,9,11,27,29,35]

Ion Channels

SCN1A Dravet syndrome (#607208)
GEFS+ 2 (#604403) AD RTT-like (single case) [36]

SCN2A DEE11 (#613721)
BFIS3 (#607745) AD Atypical: 1/2

RTT-like: 1/2 [2,43]

SCN8A
DEE13(#614558)
BFIS5 (#617080)

Cognitive impairment w/out cerebellar ataxia (#614306)
AD RTT-like (single case) [27]

KCNB1 DEE26 (#616056) AD Typical: 1/3
Atypical: 2/3 [2,41]

KCNQ2
DEE7 (#613720)

Myokymia (#121200)
BNS1 (#121200)

AD RTT-like: 6/6 [10,42,44,45]

HCN1 DEE24 (#615871)
GEFS+10 (#618482) AD RTT-like (single case) [36]
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Table 3. Cont.

GENE,
Function/Name Associated Disorder/OMIM# Inheritance Diagnosis within RSS

Spectrum REF

KCNA2 DEE32 (#616366) AD Atypical (single case) [28]

Receptors

GABRB2 EIEE2 (#617829) AD Typical (single case) [11]

GABRG2
DEE74 (#618396)

GEFS+ 3 (#607681)
FFS8 (#607681)

AD Atypical (single case) [11]

GABRB3 DEE43 (#617113)
Susceptibility to CAE, type 5 (#612269) AD RTT-like (single case) [46]

GABBR2
DEE59 (#617904)

NDD with poor language and loss of hand
skills (#617903)

AD Atypical (single case) [26]

GRIA2 NDD with language impairment and behavioral
abnormalities (#618917) AD RTT-like (single case) [47]

GRIN1 NDD with/out hyperkinetic movements and
seizures, AD (#614254) and AR (#617820) AD, AR RTT-like: 3/3 [10,25]

GRIN2B DEE27 (#616139)
MR AD 6 (#613970) AD RTT-like: 2/2 [36,48]

Transporters

SLC6A1 Myoclonic-atonic epilepsy (#616421) AD RTT-like: 1/2
Atypical: 1/2 [26,36]

SLC35A2 CDG type II (#300896) XLD, somatic
mosaicism RTT-like (single case) [9]

Transcription Factors/Chromatin Modulation Pathways

MEF2C MR, stereotypic movements, epilepsy and/or
cerebral malformations (#613443) AD RTT-like: 8/9

RTT: 1/9 [42,49–51]

ACTL6B
DEE76 (#618468)

Intellectual developmental disorder with severe
speech and ambulation defects (#618470)

ARAD RTT-like (single case) [52]

HDAC4 CdLS (#300882)

AD de novo
deletion

chr2.q37.1-q37.3
(including
HDAC4)S

Atypical (single case) [26]

HDAC8 CdLS (#300882) XLD RTT-like (single case) [33]

MEIS2 Cleft palate, cardiac defects, and MR (#600987) AD RTT-like (single case) [41]

Ubiquitination

RHOBTB2 DEE64 (#618004) AD RTT-like (single case) [9]

HECW2 NDD with hypotonia, seizures and absent
language (#617268) AD RTT-like (single case) [53]

Axon Guidance

NTNG1 No OMIM disorder (gene number *608818) AD Atypical: 1/2
RTT-like: 1/2 [26,54]

ID + E Genes

IQSEC2 MR, X-linked 1/78 (#309530) XLD RTT-like: 21/21 [55–59]

HNRNPH2 MR, X-linked, syndromic, Bain type (#300986) XLD RTT-like (single case) [58]

EEF1A2 DEE33 (#616409)
MR, AD 38 (#616393)

AD
AD RTT-like (single case) [9]

JMJD1C No OMIM disorder (gene number *604503) AD Typical (single case) [12]

To Be Further Evaluated

ANXA11 ALS 23 (#617839) AD Atypical (single case) [26]
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Table 3. Cont.

GENE,
Function/Name Associated Disorder/OMIM# Inheritance Diagnosis within RSS

Spectrum REF

KIF4B No OMIM disorder (gene number *609184) AD Atypical (single case) [26]

RRN3 No OMIM disorder (gene number *605121) AD Atypical (single case) [26]

Figure 1. Neul’s inclusion and exclusion criteria applied to the reviewed cases according to genetic
diagnosis (only genes with more than one reported case are shown), (A–H): microcephaly, regression,
brain “injury”, grossly abnormal development in the first 6 months, hand skills regression, gait
impairment, language regression, hand stereotypies.
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Figure 2. Neul’s supportive criteria in the cohort of reviewed cases, depicted according to genetic diagnosis (only genes
with more than one reported case are shown).

5.2. STXBP1

Single RTT-like patients have been reported [11,27,29,35]. They mostly fulfill criteria
for atypical RTT (7/12), followed by RTT-like (4 cases), while typical RTT seems to be
rarer. Microcephaly is present in less than half, and global DD is usually evident since
the first months of life, while the remaining patients regress (6–24 months). Patients with
atypical/RTT-like features have EOEE or experience neonatal epilepsy, followed by West
syndrome. Early-infantile focal seizures (hypertonus followed by eyelids and perioral
myoclonic jerks) were also reported [29]. They usually have absent or impaired hand
skills and midline, clapping, mouthing, or hand washing stereotypies, and never acquire
or have very limited spoken language. Most have impaired gait. The most common
supportive criteria in this group include bruxism, impaired sleep, abnormal muscle tone
and scoliosis/kyphosis. Additionally reported hyperkinetic MDs include tremors (also
head tremor), intentional myoclonus and paroxysmal dyskinesia [13].

5.3. Ion Channels
5.3.1. SCN1A

Sodium voltage-gated channel α subunit 1 (SCN1A) gene variants are associated with
a wide spectrum of conditions in which seizures are a prominent feature. A single patient
with an RTT-like phenotype, who is microcephalic, never acquired either language or gait,
and did not regress, has been reported in the literature. Epilepsy or HS characteristics were
not detailed [36].

5.3.2. SCN2A

Sodium voltage-gated channel α subunit 2 (SCN2A) causes various neurodevelop-
mental phenotypes including DD with hypotonia and autistic features, and DE/EE (OS,
EIFMS), depending on the functional effects of genetic variants. Patients with associated
MD have been repeatedly described [60]. One case with atypical RTT (showing regression
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simultaneously to EE onset at 17 months) [2] and one with RTT-like (with infantile-onset
EE, severe DD, no functional hand use and stereotypies) [43] have been reported.

5.3.3. SCN8A

One patient with infantile spasms beginning at 4 months and evolving into LGS,
experiencing regression on a background of pre-existing DD, received an RTT-like diagnosis
based on impaired language and gait, stereotypies and 10/11 supportive criteria [27].

5.3.4. KCNB1

KCNB1-related encephalopathy is a DE/EE featuring DD with language impairment,
autistic features, dyspraxia (especially oro-motor) and generalized or focal seizures. Stereo-
typic hand movements have been repeatedly described [61,62], together with other hy-
perkinetic MDs, including chorea and myoclonus [62]. Apart from one case with typical
RTT [2], two patients received a diagnosis of atypical RTT, based on no regression, loss of
hand skills and language and impaired gait in one. Both patients had bruxism, abnormal
tone and intense eye communication [41].

5.3.5. KCNQ2

Potassium channel, voltage-gated, kqt-like subfamily, member 2 (KCNQ2) pathogenic
variants cause benign neonatal epilepsy and KCNQ2-related encephalopathy. A hyper-
kinetic MD has been increasingly recognized, but also parkinsonism (bradykinesia, hy-
pomimia and hypoactivity) has been reported [44]. Together with early-onset epilepsy, six
patients (three males) also presented with an RTT-like phenotype, featuring regression,
abnormal early development, impaired/absent hand use and stereotypies (including hand
flapping/washing/mouthing) in half, while the majority are non-ambulant and non-verbal,
with profound DD. The most represented (100%) supportive criteria are abnormal tone;
only one patient has more than 5 supportive criteria. Of note, two out of six have abnormal
brain MRI, including fronto-insular atrophy [12,42,44,45].

5.3.6. HCN1

Hyperpolarization-activated, cyclic nucleotide–gated, 1 (HCN1) gene variants are
known to cause a spectrum of conditions ranging from genetic epilepsies with febrile
seizures plus to DE-EE. One microcephalic patient who never acquired functional hand use
or language, lost independent walking and showed HS aged >10 years has been described
as showing an RTT-like phenotype, with 2/11 supportive criteria (breathing abnormalities
and hypotonia) [63].

5.4. Receptors
5.4.1. GABRB3

GABA-A receptor, b3 subunit (GABRB3) is associated with focal epilepsy and EE in
infancy (onset: birth-15 months). Regression and stagnation can occur over a long time
span (3 months–5 years). Autistic features, self-injurious behavior and hyperventilation
occur in single patients. One case with focal epilepsy, hand stereotypies, autistic features
and an RTT-like phenotype has been reported, although clinical information is limited.
Ataxia is relatively frequent, but tremor and dyskinesia have also been reported. Brain
MRI is most frequently normal; nevertheless, hypomyelination can be a feature [46].

5.4.2. GABRG2

A single patient with a de novo mosaic pathogenic variant in the GABA-A receptor, γ2
subunit (GABRG2) gene with focal myoclonic seizures at 2 months, regression at 12 months,
loss of acquired hand movements, HS, impaired ambulation and never acquiring language
(no microcephaly) was documented, with 10/11 supportive criteria [13].
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5.4.3. GRIA2

Pathogenic variants in the glutamate Ionotropic Receptor AMPA Type Subunit 2
(GRIA2) cause a complex neurodevelopmental disorder in which, following a period of
normal development, early-onset epilepsy/EE with microcephaly, hypotonia, DD with
absent speech, ASD or repetitive behavior and a wide range of MDs, mainly hyperki-
netic (dystonia, dyskinesia, startle, chorea, oculogyric crises, stereotypies) but also—less
frequently—hypokinetic MD. Between 2 and 6 years, several patients were reported to
develop RTT-like features, including HS, screaming episodes, gait abnormalities (ataxia,
apraxia), sleep disturbances and an abnormal breathing pattern with hyperventilation
episodes. Additional stereotypic movements include head nodding and rocking. Brain
MRI is usually abnormal (cerebral/cerebellar atrophy, hypomyelinating leukodytrophy).
One girl with IS at 15 months, followed by focal impaired awareness and tonic-clonic
seizures was described, with 2/11 supportive Neul’s criteria [47].

5.4.4. GRIN1

Glutamate Ionotropic Receptor NMDA Type Subunit 1 (GRIN1) gene causes an EE
(EOEE, WS) with background EEG deterioration, micro/macrocephaly, global DD, central
visual impairment and a complex MD (oculogyric crises, choreoathethosis, chorea, dystonia,
oculo-motor apraxia), with stereotypies (hand but also limbs) [25,64]. Three cases with
RTT-like diagnosis have been described. They share infantile-onset epilepsy with abnormal
early development, hand apraxia (associated with hand-washing, wringing and mouthing
in 2), abnormal breathing and inappropriate laughter/crying in all, while single patients
have awake bruxism, disrupted sleep or growth retardation [12,25]. Brain MRI findings
can include cerebral and cerebellar atrophy, white matter changes and a thin corpus
callosum [25,64].

5.4.5. GRIN2B

Glutamate Ionotropic Receptor NMDA Type Subunit 2B (GRIN2B) pathogenic variants
are known to cause DEE27, characterized by developmental delay, early-onset seizures,
possibly hypotonia, autistic features and autism spectrum disorders. They can also cause
an autosomal dominant form of ID (MR AD 6).

Two “RTT-like” patients have been reported, with no regression, although one experi-
enced stagnation at 8 months. They lost ambulation, never acquired language and showed
HS, which notably developed after 10 years of age in one. No supportive criteria for RTT
were present [36,48].

5.5. Transporters
5.5.1. SLC6A1

GAT-1, encoded by Solute Carrier Family 6 Member 1 (SLC6A1), is one of the γ-
aminobutyric acid (GABA) transporters in the brain, responsible for GABA reuptake from
synapses. Its pathogenic variants cause an EE with myoclonic-atonic seizures [65]. Two
patients were reported, with an atypical RTT [26] and RTT-like phenotype, respectively [36].
Nor the epilepsy phenotype nor HS have been described.

5.5.2. SLC35A2

The Solute Carrier Family 35 Member A2 (SLC35A2) gene causes a congenital disorder
of glycosylation, but transferrins isoelectric focusing may be normal after infancy [66].
Patients present mainly with drug-resistant EE with hypsarrhythmia, facial dysmorphism,
severe ID, skeletal abnormalities, congenital cardiac disease and cortical visual impairment.
One microcephalic, RTT-like patient (stagnating at 6 months) has been documented. He
lost functional hand use, had HS, gait abnormalities and impaired language, and 3/11 sup-
portive criteria (impaired sleep, abnormal muscle tone and inappropriate screaming spells).
Brain MRI was abnormal (thin corpus callosum, brain atrophy and periventricular hetero-
topias) [11].
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5.6. Transcription Factors
5.6.1. MEF2C

Patients with myocyte enhancer factor 2 (MEF2C) gene variants present with cognitive
impairment, gross motor delay, speech disorder and autistic features, in a proportion of
cases with associated drug-responsive epilepsy, usually starting between 6 and 18 months
of age. Although some show a phenotype suggestive of the “early-onset seizures” variant
(severe hypotonia and ID, absent speech, epilepsy and stereotypies), although without
regression [49,50]; in the majority of cases HS (hand mouthing and washing) [50] are the
only suggestive clinical sign for RTT [67], and purposeful hand use is generally retained.
Aside from one patient with typical RTT [50], data from eight RTT-like patients show hand
clasping, wringing or mouthing in all, a low rate of supportive criteria in the majority, and
frequently abnormal brain MRI [42,49–51].

5.6.2. ACTL6B

A single RTT-like patient harboring an actin-like protein 6b (ACTL6B) gene variant
with EE (IS at 3 months), followed by bilateral tonic-clonic seizures and generalized cerebral
atrophy, with severe DD (non-verbal and non-ambulant) and hand wringing stereotypies
but no history of regression was reported [52].

5.7. Axon Guidance
NTNG1

Two patients harboring Netrin G1 (NTNG1) variants were described with atypical RTT
(regression, hand apraxia, dyspraxic gait and HS, and unspecified epilepsy since 6 years
of age) [26] and with an RTT-like phenotype, respectively. This second patient showed
severe DD (non-verbal, wide-based unsteady gait), but no regression, and had head growth
deceleration and hand clasping, mouthing and wringing since 2 years of age [54]. This
second patient also had minor dysmorphisms, and brain MRI was abnormal (atrophy since
infancy, myelination delay since 2 years) [54,68].

5.8. Ubiquitination
5.8.1. RHOBTB2

Rho Related BTB Domain Containing 2 (RHOBTB2) pathogenic variants cause a
DE/EE with a mean age of onset of 5 months, frequent status epilepticus, hypotonia, possi-
ble microcephaly, moderate-to-profound ID, possible regression or stagnation and episodes
of acute encephalopathy with hemiplegia acutely accompanied by cerebral swelling fol-
lowed by atrophy. A complex MD (chorea, dystonia, stereotypies, paroxysmal dyskinesia)
is also typical [69], with anecdotal response to carbamazepine [70]. A single patient fulfilled
criteria for an RTT-like diagnosis, having 8/11 supportive criteria [11].

5.8.2. HECW2

Pathogenic variants in the HECT, C2 and WW domains-containing E3 ubiquitin-
protein ligase 2 (HECW2) gene, encoding a member of the E3 ubiquitin ligase family
stabilizing p73, cause ID, drug-resistant epilepsy, central visual impairment and frequently
cortical and cerebellar atrophy with a thin corpus callosum. One patient with tonic epilepsy
since 3 years of age and dysmorphic features had an RTT-like phenotype (5/11 supportive
criteria), with HS (tapping, flapping and wringing not at the midline). Notably, she had
late-onset regression at 12 years and did not show microcephaly [53].

5.9. Intellectual Disability and Epilepsy Genes
5.9.1. Synapsis
IQSEC2

IQ motif and Sec7 domain 2 (IQSEC2) is a cause of X-linked ID with seizures. It
encodes for a guanine nucleotide exchange factor. Additional features include autistic
features, dysmorphisms and brachi- and plagiocephaly. Overlapping clinical features
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between IQSEC2-related disorder, RTT and PHS have been described. Twenty-one patients
with ID, epilepsy and RTT-like features share regression in nearly half (although EE-related
in one, involving language in one and of late occurrence in one, >5 years of age), frequent
DD since infancy, impaired gait (mostly ataxic) and the universal occurrence of stereotypies
not limited to hands (flapping, shaking, wringing, “wiping”) but also including teeth
gnashing, bruxism, head banging and shaking, and rocking. Brain MRI is usually abnormal
(mainly atrophy and white matter changes) [55–59].

5.9.2. Transcription Regulation/Modification
HNRNPH2

Pathogenic variants in the heterogeneous nuclear ribonucleoprotein H2 (HNRNPH2)
gene cause “Bain type” syndromic X-linked ID, with possible coexistence of epilepsy.
Stereotypies can be present, not necessarily in the context of autism. Brain MRI can be
significant for cerebellar vermis hypoplasia and subcortical atrophy [71,72]. Severe ID
with abnormal tone, absent speech and ataxic gait can suggest RTT, although the main
clinical features are absent, including regression (documented once, at 20 years of age, in a
patient without epilepsy), and abnormal development is detectable since the first months
of life. However, during disease course, the association of stereotypies with breathing
and sleep disruption can lead to a diagnosis of an RTT-like phenotype. Of note, adult-
onset oro-mandibular dystonia (at 19 years) and tremor (since age 31 years) have been
described [72].

EEF1A2

One patient with epilepsy since 1 month of age, no regression and no microcephaly
received a RTT-like diagnosis due to the presence of HS and 8/11 supportive criteria
(breathing and sleep abnormalities, awake bruxism, laughter and screaming spells, ab-
normal tone, kyphoscoliosis, growth retardation and reduced sensitivity to pain) was
described harboring a gene variant in the Eukaryotic translation elongation factor 1 α 2
(EEF1A2) gene [11].

5.9.3. Neurodegenerative Disorders
WDR45

The WD repeat domain 45 (WDR45) gene, involved in autophagy, causes neurode-
generation with brain iron accumulation (NBIA), a disease characterized by global DD in
childhood, followed by regression in early adulthood (progressive dystonia, parkinsonism
and dementia). Brain MRI shows iron accumulation in the substantia nigra (with a ‘halo’
of T1 hyperintensity) and globus pallidus [73].

Overlapping features between its early stages and RSS include DD, HS, epilepsy, sleep
impairment and spasticity. Out of the original 23 patients, atypical RTT was suspected in
seven (30%), of whom six had epilepsy [73]. A further study confirmed RTT-like features
in 20% of cases [74].

Single reports or small case series detailed revised Neul’s criteria in 10 patients (Table
S2). One received a clinical diagnosis of typical RTT [25], while the remaining had RTT-like
features. Five were microcephalic, and four had regression. The loss of hand use occurred
in five, loss of speech in two, and abnormal gait in six. More than five supportive criteria
were present just in the typical RTT case [25]. The most frequent finding was bruxism
(7/10), followed by abnormal tone (6/10), inappropriate laughing/screaming spells (5/10)
and intense eye communication (4/10) [25,41,75–79].

HS (present in 8/10, with onset—when reported—between 6 months and 4 years)
include mouthing, wringing, washing, rubbing, licking or finger-sucking. However, addi-
tional stereotypies are possible, including body rocking, flicking things with fingers [76]
and lip smacking [77], in some cases in the context of diagnosed autism spectrum disorder
(ASD) [76].
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5.9.4. PPT1

Although one Ceroidolipofuscinosis type 1 (CLN1) (caused by pathogenic variants in
the palmitoyl-protein thioesterase 1-PPT1-gene) patient was reported as mimicking RTT
because of HS during follow-up, onset was marked by motor impairment [80]. A further
case with motor, speech and cognitive regression at 17 months and concomitant onset of
HS had further deterioration with the loss of ambulation and continence at 3 years and
epilepsy and global cerebral atrophy since 4 years. Six supportive criteria for RTT were
present (abnormal breathing, bruxism, impaired sleep, abnormal tone, growth retardation
and reduced sensitivity to pain) [12] (Table S2).

MFSD8

CLN7 is an autosomal recessive disorder caused by pathogenic variants in the Major
Facilitator Superfamily Domain Containing 8 (MFSD8) gene [81]. Phenotypes are rather ho-
mogeneous, with symptoms onset between 2 and 11 years (mean: 5 years) [82]. Two cases
presenting with RTT-like features have been described, exhibiting normal development
until 12 months [82] and 2.5 years [81], when regression occurred. Of note, in one case,
apparent (transient) stabilization ensued [80], while the second had partial language recov-
ery [83]. Both patients satisfied RTT major criteria and had HS (clapping and mouthing)
since 18 months [82] and 3.5 years [83], respectively. Subsequent disease course was overtly
neurodegenerative [82,83]. Brain MRI showed atrophy and leucopathy at 5 years. Among
supportive criteria, only abnormal tone (in both) and abnormal breathing (in one) were
present [82] (Table S2).

EIF2B2

Language and hand manipulation regressed at 24 months in one patient, followed by
autistic-like behavior since 30 months; concomitantly HS, ataxia, rigidity and screaming
spells emerged, along with continuous tremor. She had epilepsy (no information provided).
Brain MRI was normal at 3 years. The patient fulfilled 3/4 major criteria, had no exclusion
criteria and showed 5/11 supportive criteria (abnormal tone, vasomotor disturbances,
scoliosis, small cold hands and feet, screaming spells) (Table S2) [11]. Biallelic pathogenic
variants in the Eukaryotic Translation Initiation Factor 2B Subunit β (EIF2B2) are the cause
of leukoencephalopathy with vanishing white matter.

There are additional, anecdotal descriptions of neurodegenerative conditions with
epilepsy and RTT-like features, although not associated in single patients (i.e., ST3 β-
Galactoside α-2,3-Sialyltransferase 5, ST3GAL5 gene) [84].

6. Epilepsy and DE/EE Genes with Stereotypies

Finally, stereotypies can be part of complex neurological phenotypes including DD
and often a spectrum of different MDs outside the RSS. Aside from previously discussed
genes, additional monogenic causes, with or without ASD or autistic features, should be
considered: adenylosuccinate lyase deficiency [85,86], GABRA1 (γ-aminobutyric acid type
A receptor alpha1 subunit) [87], KCNQ3 (Potassium Voltage-Gated Channel Subfamily Q
Member 3) [88], PCDH19 (Protocadherin 19) [89], SETD5 (SET Domain Containing 5) and
TBL1XR1 (TBL1X Receptor 1) [90], AP3B2 (Adaptor-Related Protein Complex 3 β 2 Sub-
unit) [91], CACNA1B (Calcium Voltage-Gated Channel Subunit Alpha1 B) [92], GNAO1 [93]
and SZT2 (seizure threshold 2) related disorders [94].

7. Clinical Remarks

We reviewed the main groups of monogenic conditions with DE-EE and published
cases clinically labeled as falling within the RSS, for whom clinical description allowed
the application of Neul’s criteria. We aimed to investigate the clinical features associated
with the use of the “Rett-like” label. Although the diagnosis of complex NDDs necessarily
relies on NGS technologies (either targeted gene panels or whole exome sequencing) [95],
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some final remarks might help correct results interpretation in the clinical setting through
accurate phenotyping.

Reviewing these DE-EE patients’ characteristics in light of Neul’s criteria shows that
different disorders and pathogenic mechanisms can lead to partially overlapping clinical
features. First of all, developmental regression is described either in single reports or in
half (KCNQ2, SLC6A1 and NTNG1) or less (STXBP1, KCNB1, GRIN1, IQSEC2) of cases
with multiple described patients. Age at regression is reported in a few papers, and
late occurrence is exceptional (i.e., 5 and 9 years in IQSEC2; 12 years in HECW2) [1].
This, together with the HDAC8-positive CdL case with regression at 24 months followed
by further deterioration at 6 years, highlights an important difference with typical RTT,
in which regression, followed by stabilization, occurs within the first year of life and
is followed by further deterioration only in late teens/early adulthood. Importantly,
regression can occur at EE onset (SCN2A, SCN8A or some IQSEC2 cases [58]) but also
before (KCNA2, KCNB1, GARBRB2 and MEF2C) or after (STXBP1, GARBRG2, HECW2 and
GRIN1), suggesting different underlying pathomechanisms (EE-related or mainly driven
by the genetic condition itself) [56]. In other patients, stagnation occurs, either at the same
age as DE onset (RHOBTB2 and SLC35A2) or before epilepsy onset (GRIN2B).

The loss of purposeful hand movements is described in 15–67% of patients in disorders
with multiple descriptions. However, never acquired/impaired hand skills without regres-
sion also seem to be common, especially in STXBP1 (7/13 patients), KCNQ2 (3/6), GRIN2B,
HNRNPU and SLC6A1 (1/2) and are also reported in single cases harboring GRIN1 or
HCN1 variants. Similarly, although language regression is uncommon, its impairment or
absence are described in STXBP1 (7/13 patients), KCNQ2 (5/6), MEF2C (7/9), SCN2A, HN-
RNPU and GRIN2B (2/2), KCNB1 (1/3) and, in single reports, (KCNA2, GABRG2, SCN1A).
Therefore, the “ultimate” phenotype might appear more homogeneously reminiscent of
RTT syndrome, but patients’ natural history can significantly diverge from RTT (Table S1,
Figures 1 and 2).

The partial/complete loss of ambulation is uncommon, occurring in STXBP1 (1/13 pa-
tients), IQSEC2 (1/12), GRIN2B (2/2) and HCN1 (1/1). In ambulatory patients, gait patterns
are described in a subset of cases, with three main patterns: ataxia or wide-based (STXBP1:
4/13 patients; IQSEC2: 4/8; MEF2C: 3/9; NTNG1: 1/2 and HNRNPH2: 1/1); dyspraxic
(NTNG1: 1/2; GABBR2, HDAC4, ANXA11, KIF4B, RRN3, and JMJD1C: 1/1) and ataxic-
dyspraxic gait (STXBP1: 1/13; KCNQ2: 1/6).

Stereotypies characteristics were detailed in a minority of cases (Table S1) and are more
often multiple. They include midline, clasping, mouthing and hand washing (STXBP1), rub-
bing and hand mouthing (GABBR2), hand wringing (KCNB, ACTL6B), clasping, mouthing
and wringing (NTNG1), hand clapping, wringing, and mouthing (MEF2C), hand tapping,
flapping and wringing (HECW2), hand flapping, washing and rubbing, and fits to midline
(IQSEC2), hand washing (JMJD1C) and clapping (HNRNPU). Therefore, HS can diverge
from typical hand stereotypies to the midline or combine with non-RTT-specific stereotyp-
ies, such as head nodding and rocking (GRIA2), tongue-protruding movements (IQSEC2)
or undetermined “stereotypic movements” (KCNQ2), underscoring the coexistence of
features typical or reminiscent of RSS with presumably non-RTT-related MD, which might
in some instances be ASD- or DD-related.

Moreover, the frequency of additional supportive criteria and their distribution vary
widely, with only abnormal tone and impaired gait involving a high number of cases,
contributing to further phenotypic heterogeneity (Table S1, Figure 2). This phenotypic
variability probably reflects the absence of diagnostic criteria for “RTT-like”, whose use
has spread to describe patients reminiscent of RTT but not fulfilling typical or atypical
RTT criteria, and who (in some cases) might be better considered affected by genetic
NDDs to be included in the RSS differential. Correctly distinguishing between RTT and
its “mimics” might carry management implications, as specific RTT therapies become
available [96]. Finally, in some reviewed papers, part of the clinical information is missing,
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preventing deeper understanding of the full clinical phenotype and further comparison
between disorders.

On the other hand, some of the reviewed genes are functionally related or co-expressed
and operate on key cellular functions (chromatin regulators, receptors, ion channels, trans-
porters and synaptic vesicle cycling), suggesting disruption in shared biological pathways.
Unsurprisingly, the majority of genes included in this review have multiple known, experi-
mentally determined interactions (and these mainly include the DE-EE genes encoding
for ion channels and receptors), while a second group of tightly connected genes involves
transcription factors and chromatin modulators. Not unexpectedly, the two members
of the heterogeneous nuclear ribonucleoproteins family HNRNPU and HNRNP2 appear
functionally related to each other [97] but not with the main network, and additional genes
with single RSS case descriptions lack evidence of functional connection or co-expression
with the main network (Figure 3). Major alterations affecting several neurological pro-
cesses, such as the regulation of synaptic transmission, inflammatory and stress-related
processes, DNA binding and mRNA stability were confirmed in RTT with a transcriptomic
approach [98]. Moreover, the dysregulation of these pathways appears important in other
NDD related to RTT, such as epilepsy, AD and intellectual disability [35]. Convergence of
cellular pathways can result in a final, common phenotypic core, but careful phenotypic
review (i.e., characteristics of stereotypies; age, pathophysiology and domains involved in
regression), and molecular data suggest a distinction between “true” RSS and a constella-
tion of (diverse) phenotypic “mimics” [35,36,96], although definite molecular diagnosis is
the only way to reliably make a diagnosis [96].

Figure 3. Known functional interaction networks between reviewed genes. A first network is
represented by genes causative of Rett, atypical Rett syndrome and some of their most important
differentials (Cornelia de Lange syndrome, Pitt–Hopkins and Pitt–Hopkins-like syndrome). A second
network is presented by genes causing complex neurodevelopmental disorders in which epilepsy
or DE/EE are a cardinal feature, mainly including receptors and ion channels. A third group is
represented by genes with determined functional connections only between each other (HNRNPU
and HNRNP2, encoding for RNA-binding proteins) and that currently lack known interactions within
these networks.
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From a diagnostic standpoint, although syndromic conditions are often mainly con-
sidered as differential diagnoses versus RSS, the actual description of patients without
dysmorphisms/malformations also mandates the consideration of these genes in non-
syndromic cases.

Finally, of utmost importance, neurodegenerative disorders can mimic RSS in their
early stages, when neuroimaging is normal, and transient stabilization possibly follows
regression. From a clinico-diagnostic standpoint, close follow-up is mandatory, and the
WDR45 gene should be added to the genetic work-up in RSS cases.

Based on our literature review, in patients affected by DE/EE with or without re-
gression, in the presence of clinical features reminiscent of RTT but not satisfying Neul’s
criteria, we suggest differentiating between syndromic and non-syndromic conditions and
excluding neurodegenerative causes. If patients do not show a RTT-like phenotype, but the
clinical picture is dominated by a NDD including DE/EE and stereotypies, the range of
possible etiologic conditions needs to be widened further, and additional elements of the
NDD might prove useful, namely the presence of autistic features.

8. Conclusions

Outside typical and atypical RTT, the Rett-like cases we reviewed are marked by
high genetic and phenotypic heterogeneity. Patients share a complex neurodevelopmental
and neurological phenotype, encompassing DD, epilepsy or DE/EE, and MD with a
strong focus on impaired gait, abnormal tone and HS. However, from a clinical standpoint,
important differences such as the presence and characteristics of regression, the presence of
a period of stabilization and the loss of functional hand use might prove useful for correct
diagnostic suspicion but also for deeper insight into different underlying pathomechanisms.
In conclusion, in the reviewed cohort, while some Rett features may be present in other
disorders, these do not actually seem to be Rett-related.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12081157/s1, Table S1: Detailed information extracted from reviewed papers on
DE/EE-related genes and Rett syndrome spectrum, Table S2: Detailed information extracted from
reviewed papers on neurodegenerative conditions with cases of patients presenting with Rett-
like features.
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