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Abstract 

Background TBL1XR1 encodes a F-box-like/WD40 repeat-containing protein that plays a role in transcription 
mediated by nuclear receptors and is a known genetic cause of neurodevelopmental disease of childhood (OMIM# 
608628). Yet the developmental trajectory and progression of neurologic symptoms over time remains poorly 
understood.

Methods We developed and distributed a survey to two closed Facebook groups devoted to families of patients 
with TBL1XR1-related disorder. The survey consisted of 14 subsections focused upon the developmental trajectories 
of cognitive, behavioral, motor, and other neurological abnormalities. Data were collected and managed using RED-
Cap electronic data capture tools.

Results Caregivers of 41 patients with a TBL1XR1-related disorder completed the cross-sectional survey. All reported 
variants affecting a single amino acid, including missense mutations and in-frame deletions, were found in the WD40 
repeat regions of Tbl1xr1. These are domains considered important for protein–protein interactions that may plausibly 
underlie disease pathology. The majority of patients were diagnosed with a neurologic condition before they received 
their genetic diagnosis. Language appeared most significantly affected with only a minority of the cohort achieving 
more advanced milestones in this domain.

Conclusion TBL1XR1-related disorder encompasses a spectrum of clinical presentations, marked by early develop-
mental delay ranging in severity, with a subset of patients experiencing developmental regression in later childhood.
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Background
Neurodevelopmental disorders such as autism spectrum 
disorder (ASD), intellectual disability (ID), and develop-
mental delay, are common neurological conditions affect-
ing the typical developmental trajectory [1]. With the 
rise of readily available genetic testing and the increasing 
awareness of treatable causes for ID [2], the recognition 
of genetic etiologies among these common conditions is 
increasing, including the identification of monogenic eti-
ologies [3, 4]. Further, next generation sequencing tech-
niques have allowed for discovery of new disease-causing 
genes, necessitating re-analysis of exome data over time. 
Despite these advances, many such genes have not been 
fully characterized in the literature and the spectrum 
of symptoms that should trigger genetic testing is often 
incomplete. There is thus need to further characterize 
and systematically chart symptom progression of these 
conditions that are typically rare. Moreover, disease-spe-
cific genetic panels, frequently used for directed testing, 
vary in the genes included and may include genes with 
limited evidence of association with disease [5]. Further, 
many genetic disorders include clinical features found on 
multiple panels, and it is not always clear to which panels 
these genes should be added.

One such gene is transducin (beta)-like X-linked 
receptor 1 (TBL1XR1). Located on the long arm of 
chromosome 3, TBL1XR1 encodes a F-box-like/WD40 
repeat-containing protein Tbl1xr1 that acts as a tran-
scriptional regulator as part of the nuclear receptor 
corepressor (NCoR)/silencing mediator of retinoic acid 
and thyroid hormone receptors (SMRT) repressor com-
plex [6]. TBL1XR1 is widely expressed throughout the 
body [6]. Although its full range of functions and inter-
actions are not known, Tbl1xr1 has been implicated in a 
variety of cancer types including lymphoma [7], as well 
as in a spectrum of neurodevelopmental disorders [8, 9]. 
Although cancer and TBL1XR1 neurodevelopmental dis-
order have not been reported to co-occur, overlapping 
genetic variants have been reported across both pheno-
types [7].
TBL1XR1 was first implicated as the genetic basis for 

Pierpont Syndrome, a rare disorder characterized by 
global developmental delay, epilepsy, feeding difficul-
ties, and characteristic dysmorphic features including 
abnormal subcutaneous fat distribution with prominent 
plantar and digital fat pads and deep palmar and plantar 
grooves with “pillowing” of the palms and soles, along 
with microcephaly, midface hypoplasia, other facial 
anomalies, and short stature [10–14]. Pierpont Syndrome 
is linked to a specific heterozygous variant in TBL1XR1 
(c.1337A>G, p.Tyr446Cys) [10], although a limited num-
ber of additional variants associated with the phenotype 
have since been described [15, 16]. These variants have 

in common their location on the inner ring of the protein 
structure formed by the WD40 repeats [10, 15], leading 
to a proposed dominant negative effect altering protein–
protein interactions with yet unknown downstream 
effects [10].

The phenotypic spectrum of TBL1XR1-related disor-
der, however, extends beyond Pierpont Syndrome. Recent 
reports have implicated TBL1XR1 in a range of disorders 
including ASD, ID, epilepsy (including West Syndrome), 
attention-deficit/hyperactivity disorder (ADHD), and 
schizophrenia, with reported genetic variants ranging 
from typically heterozygous, de novo missense variants 
to microdeletions and microduplications [8, 9, 17–28]. 
Despite some similarities in presentation, this broader 
group of patients lacks the characteristic dysmorphism 
associated with Pierpont Syndrome and includes diag-
noses such as ASD that were not previously reported in 
patients with Pierpont Syndrome. Although significant 
genetic and phenotypic heterogeneity has been reported 
in TBL1XR1-related neurologic disease, the effect of gen-
otype on ultimate presentation is not clear. A relationship 
to Rett syndrome has been suggested due to the obser-
vation of some TBL1XR1 missense mutations preventing 
MeCP2 binding [29]. However, defects in TBL1XR1 are 
not associated with a uniform clinical picture but seem 
to vary between specific mutations [30]. Indeed, certain 
variants in the gene have been reported to produce the 
characteristic dysmorphism associated with Pierpont 
Syndrome while others produce neurodevelopmental 
sequelae with different or entirely absent dysmorphic 
features. As variants outside of the p.Tyr446 site have 
typically been reported only in single cases, it is unclear 
whether significant phenotypic variability can be associ-
ated with a single genetic variant.

These differences may point to distinct mechanisms 
of action between these presentations. It has previously 
been shown that the canonical Pierpont Syndrome vari-
ant (c.1337A>G, p.Tyr446Cys) assembles appropriately 
into the NCoR/SMRT complex, implying that the patho-
genicity comes not from altered formation of the complex 
but more likely from altered protein–protein interactions 
and ultimately misdirection of the complex [10]. It is 
unknown whether other missense variants affect the pro-
tein in the same or a similar manner, which interactions 
are being altered, and how this may differ from pure loss 
of function variants such as deletions. It remains unclear 
to what extent patient genotype influences the resultant 
phenotype.

Understanding of the neurologic disease associated 
with TBL1XR1 is currently limited due to the rare nature 
of this disorder and the heterogeneity in the range of 
phenotypes reported. The literature is primarily limited 
to case reports and small case series, with a lack of larger 
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standardized cohorts and longitudinal data. Data from 
the perspective of families/caregivers, including their 
experiences and perceptions related to the disorder, have 
also been lacking.

Given the reported phenotypic variability, there is 
value in examining a larger population to determine 
the longitudinal course and developmental trajectory in 
these patients to enable a better understanding of prog-
nosis and to create a natural history of the disorder that 
will inform clinical intervention trials. To address this 
need, we have conducted a survey of families/caregivers 
of patients with TBL1XR1-related disorder recruited via 
two online communities. The aim of this current study is 
to evaluate the phenotypic spectrum and developmental 
trajectories of patients with TBL1XR1-associated neuro-
logic disease. Further, this study intends to examine the 
relationship between the array of underlying genetic vari-
ants and phenotypes seen in individual patients.

Methods
Participants
Participants were recruited via two pre-existing, par-
ent-run closed Facebook groups devoted to families 
of patients with TBL1XR1-related disorder. A link to 
the survey was distributed to all members of both the 
TBL1XR1 Gene Mutation Forum and the Pierpont Syn-
drome Facebook groups. While there are no formal 
criteria for membership in either group, the Pierpont 
Syndrome group is targeted towards individuals who 
have received a specific diagnosis of Pierpont Syndrome, 
while the TBL1XR1 Gene Mutation Forum is more 
broadly inclusive of all individuals with TBL1XR1-related 
disorder. Participants of all ages and genotypes were 
eligible. Participants were eligible if they were English-
speaking caregivers (parent or guardian) of a child with a 
TBL1XR1 genetic mutation, as the survey materials were 
only available in English.

Data collection
A survey was developed at Massachusetts General Hos-
pital (MGH) using previously-published information on 
Pierpont Syndrome and TBL1XR1-related disorder, as 
well as clinical expertise in related disorders [10, 11, 13–
15]. The survey was implemented on REDCap (Research 
Electronic Data Capture) and distributed with assis-
tance from a parent active on both the TBL1XR1 Gene 
Mutation Forum and the Pierpont Syndrome Facebook 
groups. A letter was posted inviting parents to participate 
in the survey and included a link to the REDCap survey. 
The study was approved by the Mass General Brigham 
Human Research Committee (Protocol #2020P003345).

The survey consisted of 14 subsections (Demograph-
ics, Family History, Pregnancy, Diagnosis of TBL1XR1 

Gene Mutation, Gross Motor Development, Fine Motor 
Development, Feeding, Language and Behavior, Eye 
Movements, Other Neurologic Findings, Autistic Behav-
iors, ADHD Behaviors, Diagnostic Work-Up, and Inter-
ventions). Once started, surveys were assigned a unique 
study number used for identification. Participants were 
provided with a password to use to return to the saved 
survey if not completed at one time. The survey was 
estimated to take 2–2.5  h to complete. Participants 
were able to submit genetic testing reports to confirm 
their reported variants. A follow-up survey was created 
to allow respondents to add genetic information that 
was not reported in the initial survey, although no new 
genetic information was collected in this way. Study data 
were collected and managed using REDCap electronic 
data capture tools hosted at MGH [31, 32].

Statistics and visualization
Descriptive statistics were used to summarize the clinical 
features of subjects from the study population. Cumula-
tive incidence was used to chart the probability of acquir-
ing developmental milestones, experiencing regression, 
or experiencing seizures by age. The reported genetic 
variants were mapped onto the protein structure using 
the “lollipops” tool [33].

Preliminary results were presented at both the Ameri-
can College of Medical Genetics and Child Neurology 
Society 2022 Annual Meetings [34, 35].

Results
Participants
Between January 2021 and January 2023, 132 caregiver 
surveys were started. Ninety-one incomplete responses 
were excluded from analysis. This included all responses 
that were not marked as complete by the respondent, 
the majority of which were left entirely or mostly blank. 
It is suspected that these were accidental or duplicate 
entries from respondents who returned at a later time 
and started a new survey rather than using the previ-
ously-provided password to access and edit their original 
survey. Forty-one unique surveys, each describing one 
subject with TBL1XR1-related disorder, were fully sub-
mitted, and these were included for analysis. Of these, 
nine respondents (21.9%) did not provide genetic infor-
mation and were included due to a self-reported diagno-
sis of TBL1XR1-related disorder or Pierpont Syndrome. 
The median age of the 41 included subjects was 8 years 
(range 1–25 years), and 53.7% were male. Genetic diag-
noses had been made at a median age of 5 years, although 
the age at diagnosis ranged from 3 months to 16.5 years. 
Two subjects were twins and one was adopted. The 
demographic data for subjects is shown in Table 1.
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Pregnancy and perinatal period
Sixteen respondents (39.0%) endorsed complications 
during the pregnancy, including eight (19.5%) who 
reported issues with the fetus including poor growth, 
bilateral club foot, renal anomalies, decreased fetal 
movement, bradycardia, and abnormal nuchal trans-
lucency. Nine respondents (22.0%) delivered pre-term. 
Twenty-four (58.5%) reported complications in the 
perinatal period, most commonly admission to the 
neonatal intensive care unit (n = 15, 36.6%), followed 
by a need for supplemental oxygen (n = 9, 22.0%) and 
feeding difficulty/weight loss (n = 8, 19.5%). The infants 
were hospitalized for a median of 3.5  days following 
birth.

Initial symptoms prompting genetic testing 
and neurological diagnoses
The most commonly endorsed symptoms prompting 
genetic testing were “not making developmental mile-
stones” (n = 36, 87.8%), “low muscle tone (hypotonia)” 
(n = 32, 78.0%), “feeding difficulties” (n = 28, 68.3%), 
“impaired fine motor skills (such as holding a bot-
tle)” (n = 26, 63.4%), “failure to thrive” (n = 23, 56.1%), 
and “sleep disturbance” (n = 20, 48.8%). Interestingly, 
thirty individuals (73.2%) received a distinct neurologic 
diagnosis prior to their genetic diagnosis. These initial 
neurologic diagnoses included ASD (n = 13, 31.7%), 
Chiari malformations (n = 8, 19.5%), epilepsy (n = 6, 
14.6%), developmental issues (n = 5, 12.2%), ADHD 
(n = 3, 7.3%), hearing loss (n = 1, 2.4%), and hydro-
cephalus (n = 1, 2.4%). The most commonly endorsed 
symptoms leading to these initial neurologic diagnoses 
were “not making developmental milestones” (n = 25, 
61.0%), “low muscle tone (hypotonia)” (n = 22, 53.7%), 
“failure to thrive” (n = 20, 48.8%), “issues with atten-
tion” (n = 19, 46.3%), “sleep disturbance (n = 18, 43.9%), 
“impaired fine motor skills (such as holding a bottle)” 

(n = 18, 43.9%), “feeding difficulties” (n = 18, 43.9%), 
and “autism symptoms” (n = 17, 41.5%).

Genetics
Thirty-three subjects (80.5%) underwent exome sequenc-
ing as part of their genetic evaluation. Genetic informa-
tion was provided for 32 subjects (78.0%), one of whom 
had two separate genetic variants in TBL1XR1 (Table 2). 
As the two variants in this individual affected adjacent 
codons, it is likely that these occurred as part of a sin-
gle event but were automatically read as separate variants 
on the sequencing report. Of those that reported their 
genetic information, 26 had novel variants not reported 
in the prior literature, including premature truncation 
from frameshift and nonsense variants, in-frame dele-
tions, missense variants, intronic variants, copy number 
variants (CNV), and whole gene deletions. Of the mis-
sense variants and in-frame deletions, all were found 
within the WD40 regions that are likely responsible for 
protein–protein binding (Fig. 1b).

Eighteen subjects (43.9%) were diagnosed with Pier-
pont Syndrome, the majority of whom reported having at 
least some dysmorphic features characteristic of the dis-
order. In contrast to the prior literature linking Pierpont 
Syndrome to a small number of specific missense vari-
ants in TBL1XR1 [8, 10, 15, 36], individuals in this sur-
vey received the diagnosis associated with a wide array 
of genetic variants in TBL1XR1, including other mis-
sense variants, premature truncation, and CNV (Fig. 1b). 
Genetic information was not reported for nine subjects, 
including four diagnosed with Pierpont Syndrome. Only 
three survey subjects were reported to carry a variant 
previously reported to cause Pierpont Syndrome (all with 
c.1337A>G, p.Tyr446Cys). In-frame deletions, intronic 
variants, and whole gene deletions were only seen in sub-
jects not diagnosed with Pierpont Syndrome (Fig. 1b).

Fifteen subjects (36.6%) were reported to have a gene 
mutation beyond TBL1XR1. Of these, seven respond-
ents provided their additional genetic findings, including 
two subjects who each had two additional genetic condi-
tions reported (Additional file 1: Table S1). The majority 
of these did not provide the specific variant found nor 
did they provide variant pathogenicity or zygosity infor-
mation, so it was not clear whether these were carriers 
or affected individuals. Notably, five respondents who 
reported an additional genetic finding listed only the sub-
ject’s TBL1XR1 variant as the additional genetic finding.

Developmental trajectory
Subjects experienced a range of developmental outcomes 
from near-normal to severe delay apparent in the first 
years of life (Fig. 2). Language acquisition appeared most 
significantly affected, with only 61% (n = 25) acquiring 

Table 1 Sample characteristics (N = 41)

Median age at diagnosis 5 years (range 3 months–16.5 years)

n Percentage (%)

Female 19 46.3

Male 22 53.7

Age

 0–5 years 12 29.3

 6–10 years 18 43.9

 11–15 years 2 4.9

 16–20 years 5 12.2

 21–25 years 3 7.3

 Not reported 1 2.4
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first words and 46% (n = 19) speaking in 2–3 word sen-
tences (Table  3). In contrast, 71% of the population 
(n = 29) was able to walk independently at some point, 
with an even larger proportion acquiring earlier motor 
milestones. Cumulative incidence curves are shown in 
Figs. 3 and 4, adjusting the probability of milestone acqui-
sition and regression for the young age of the cohort. 
Notably, those who reported milestone acquisition or 
regression but did not provide an age of acquisition 
or regression were excluded from these analyses. Also 
excluded were those for whom there was not sufficient 

information provided to determine whether milestones 
were acquired or regression occurred. Although devel-
opmental regression occurred in a minority of subjects, 
it was most common in the language domain, affecting 
10 subjects by the second decade of life. Five individu-
als experienced motor regression, and social regression 
was seen in 3 individuals. Of the 14 individuals reporting 
regression in any domain, seven (50%) had also reported 
perinatal complications, which is slightly less than the 
percentage with perinatal complications in the over-
all cohort (n = 24, 58.5%). The onset of regression was 

Table 2 Genetic variants

1 Single subject carries both deletions
2 No response entered

Coding Variant Variant type Responses Pierpont Dx

Premature termination

c.297dupT p.R100* Duplication/FS 1 Yes

c.327_357dup31 p.Q120Sfs*35 Duplication/FS 1 No

c.1588_1594dupGGC TGC A p.T532fs Duplication/FS 1 No

c.1524T>A p.C508* Nonsense 1 Yes

In-frame deletion

c.943_945delGAT 1 p.D315del Deletion 1 No

c.941_943delTTG 1 p.V314del Deletion 1 No

c.977_979delGTA p.S326del Deletion 1 No

Missense

c.519T>A p.F173L Missense 1 Yes

c.700A>G p.N234D Missense 1 Not sure

c.728G>A p.G243D Missense 1 No

c.730T>C p.S244P Missense 1 Yes

c.734A>G p.Y245C Missense 1 No

c.749G>A p.R250K Missense 1 No

c.800G>T p.G267V Missense 1 Not sure

c.851C>G p.A284G Missense 1 No

c.938A>C p.D313A Missense 1 No

c.987G>A p.M329I Missense 1 Yes

c.1100G>A p.C367Y Missense 1 Yes

c.1108G>A p.D370N Missense 1 Not sure

c.1333G>C p.V445L Missense 1 No

c.1336T>G p.Y446D Missense 1 Yes

c.1337A>G p.Y446C Missense 3 Yes

c.1340G>A p.S447N Missense 1 Yes

c.1341T>G p.S447R Missense 1 Not  reported2

c.1466T>A p.V489D Missense 1 Yes

Intronic

c.560+5G>C IVS6+5G>C Intronic 1 No

c.865-7A>G IVS9-7A>G Intronic 1 No

CNV

3q26.32 (176.654.197–176.884.880) × 3 Duplication 2 Yes

3q26.31q26.32 Deletion (1.58 Mb) Deletion 1 No

3q26.32q26.36 Deletion (25.71 kb) Deletion 1 No
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reported at a wide range of ages, from the first year of life 
until late in the second decade. The majority of caregiv-
ers (90–100% per question) provided responses regard-
ing milestone acquisition and regression. Fewer, however, 
provided the subject’s age at the time of acquisition and 
regression. A minority of respondents provided the age 

of acquisition for social milestones (social smile and sus-
tained eye contact).

Seizures
Fourteen subjects (34.1%) experienced seizures (median 
age at onset 2.5  years, range 0.4–23.2  years). Individu-
als with seizures were more likely to have experienced 

Fig. 1 Genetic variants reported by survey participants (N = 41). A Types of genetic variants reported in patients diagnosed with Pierpont Syndrome 
(n = 18) compared to those without a Pierpont diagnosis (n = 23). Genetic information was not provided for 9 subjects. B Location of missense 
variants (red) and in-frame deletions (blue) in the TBL1XR1 gene reported by survey participants. Recurrent sites are denoted by increased size 
of the “lollipop” circle. All missense variants (n = 20) and in-frame deletions (n = 3) reported by survey participants occurred in WD40 repeat regions

Fig. 2 Developmental trajectory in patients with TBL1XR1-related disorder.. The age of reported developmental milestone acquisition is shown 
as a range with a vertical bar denoting the median
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Table 3 Milestone acquisition and regression

a Language regression was not broken down by skill and included as a general loss of language
b Percentage reported out of total sample as number with acquisition unknown

N/A—not applicable; NR—not reported

Developmental milestone Number acquired
n (%)

Number regressed
n (%)

Acquisition age (mo)
Median (range)

Regression age (mo)
Median (range)

Social smile 38 (93) 3 (8) 4 (2–48) 12 (7–204)

Sustained eye contact 30 (73) 1 (3) 6 (3–72) 12 (12)

Reach for an object 39 (95) 0 (0) 6 (1–60) N/A

Transfer from hand to hand 35 (85) 1 (3) 9 (4–48) NR

Sit without propping 34 (83) 3 (9) 10 (5–48) 48 (7–192)

Speak first words 25 (61) 10 (40)a 14 (7–48) 36 (12–144)a

2–3 word sentences 19 (46) 24 (15–72)

Walk without support 29 (71) 1 (3) 18 (11–43) NR

Grasp (regression only) NR 4 (10)b NR 24 (12–36)

Fig. 3 Acquisition of gross motor skills in patients with TBL1XR1-related disorder. Cumulative incidence curves are shown representing the age 
of acquisition of major motor milestones, with red lines denoting 95% confidence intervals. Respondents were excluded if the skill was attained 
but the age of acquisition was not reported or if it was unable to be determined whether the skill was obtained

Fig. 4 Gain and loss of language skills in patients with TBL1XR1-related disorder. Cumulative incidence curves are shown representing the age 
of acquisition and loss of major language milestones, with red lines denoting 95% confidence intervals. Respondents were excluded if the skill 
was attained or regression occurred but the age of acquisition or regression was not reported. Respondents were also excluded if it was unable 
to be determined whether the skill was obtained or whether regression occurred
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perinatal complications (64.2%, n = 9, v. 55.6%, n = 15, of 
those without seizures). Reported seizure types included 
absence, tonic–clonic, focal, tonic, and epileptic spasms. 
The majority of those who developed seizures did so 
before the age of 10 years (Fig. 5a). Notably, although the 
majority of respondents indicated some degree of seizure 
control (ranging from partial to complete) on medication, 
all but one subject for whom data was available reported 
experiencing seizure(s) in the past 2  years  (Additional 
file 2: Table S2). For five subjects, however, timing of the 
most recent seizure could not be determined.

As epilepsy is a known cause of developmental regres-
sion, the relationship between seizures and regression 
in this population was examined. Half of those with sei-
zures (n = 7, 50.0%) also endorsed language regression 
(Fig. 5b). There was no significant difference between the 
severity of language delay in the cohort with and without 
seizures. The relationship between seizures and motor 
or social regression was less apparent, with two patients 
with epilepsy reporting gross motor regression (of a total 
of 5 individuals with motor regression) and two report-
ing social regression (of 3 total individuals with social 
regression). There was no relationship between the 
reported seizure type and the presence of developmental 
regression.

Associated signs and symptoms
The majority of subjects experienced developmental 
delay, feeding problems, hypotonia, failure to thrive, and 
sleep disturbance at some point in their course, even if 
not currently ongoing. Chiari malformations and spine 
issues, including scoliosis, were both frequently reported 
(n = 9, 22.0%, and n = 8, 19.5%, respectively). Clinically 
diagnosed movement disorders, such as ataxia (n = 4, 

9.8%) or dyskinesia (n = 1, 2.4%), were less commonly 
reported.

ASD and ADHD were common diagnoses affecting the 
survey population, with self-reported diagnoses in 39.0% 
(n = 16) and 29.3% (n = 12) respectively. Certain behaviors 
characteristic of these disorders were widespread, affect-
ing even a proportion of respondents without a formal 
diagnosis. These behaviors included impulsivity (n = 20, 
48.8%), repetitive behaviors (n = 20, 48.8%), climbing and 
standing on objects whenever possible (n = 18, 43.9%), 
becoming upset by everyday noises, clothing, and smells 
(n = 15, 36.6%), and self-injurious behaviors (n = 15, 
36.6%).

Feeding
Most respondents (n = 36, 87.8%) endorsed feeding dif-
ficulties, with a median age of onset at 1  month of age 
(range 0–192 months). Thickened feeds were commonly 
needed (n = 16, 39.0%), and a subset of subjects required 
partial or complete tube feeds at some point in their 
course. Seventeen individuals reported having a nasogas-
tric tube placed, with the majority also reporting perina-
tal complications (n = 12, 70.6%), Similarly, six of the ten 
individuals requiring ongoing partial or complete tube 
feeding had perinatal complications. Associated gas-
trointestinal diagnoses were common, most frequently 
gastroesophageal reflux disease (n = 18, 43.9%), but also 
including constipation (n = 4, 9.8%), dysmotility/gastro-
paresis (n = 3, 7.3%), swallowing difficulties (n = 3, 7.3%), 
structural issues (n = 2, 4.9%), H. Pylori (n = 1, 2.4%), and 
chronic emesis (n = 1, 2.4%). Growth issues were com-
mon (n = 26, 63.4%), with weight loss affecting 24.4% 
(n = 10) of subjects.

Fig. 5 The presence of seizures and association with developmental regression in patients with TBL1XR1-related disorder. A Cumulative incidence 
curve is shown representing the onset of seizures in 13 patients by age, with red lines denoting the 95% confidence interval. Respondents were 
excluded if age at the onset of seizures was not reported. B The presence of regression is shown by developmental domain, with those reporting 
no regression indicated by ‘none’. Groups are further divided by the presence or absence of seizures
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Discussion
We report here the results of a caregiver survey describ-
ing the largest cohort of patients with TBL1XR1-related 
disorder to date. In this cross-sectional study, we ana-
lyzed the pregnancy and perinatal course, caregiver-
reported developmental trajectory, associated symptoms 
and diagnoses, and neurological progression over time as 
well as genetic information of 41 subjects with TBL1XR1-
related disorder.

Nearly three-quarters of patients with TBL1XR1-
related disorder were diagnosed with a neurologic con-
dition before they received their genetic diagnosis. The 
high prevalence of neurologic diagnoses in this popu-
lation highlights the importance of raising provider 
awareness of the condition and the need to undergo 
appropriate genetic testing. This is particularly relevant 
in the case of ASD, as nearly one-third of the study pop-
ulation were diagnosed initially with ASD. Many of the 
early presenting signs and symptoms reported by car-
egivers were nonspecific, such as developmental delay, 
hypotonia, and growth issues, highlighting the impor-
tance of inclusion of TBL1XR1 on gene panels. Of note, 
a significant number of patients experienced perinatal 
complications. While the underlying genetic diagnosis 
likely predisposed patients to these complications, we 
cannot rule out that differences in medical management 
and clinical events contributed independently to brain 
injury and the longitudinal disease course.

Genetic information was provided by over three-
quarters of respondents. Most of the genetic variants 
reported in this study had not been described in prior 
literature. Further, the subjects diagnosed with Pierpont 
Syndrome carried variants in TBL1XR1 beyond those 
that had been previously reported in association with 
Pierpont Syndrome. The variants reported in associa-
tion with Pierpont Syndrome included frameshift, non-
sense, missense, and whole gene duplications, which was 
unexpected as these variants likely have different mecha-
nisms of disease. As our study was limited to survey data 
without in-person assessments or photographs to assess 
dysmorphism directly, we were limited in our ability to 
corroborate a diagnosis of Pierpont Syndrome. While the 
majority of those who were diagnosed with Pierpont Syn-
drome were reported to have at least some of the clas-
sic features, it is possible that some of those reporting a 
Pierpont diagnosis may not truly fit with the clinical phe-
notype and were instead diagnosed solely due to their 
genetic findings. Further study is needed, but this raises 
the possibility that features of Pierpont Syndrome can be 
seen more broadly with other changes in the TBL1XR1 
gene.

It is noteworthy, however, that all variants suspected to 
exert a local effect on the gene (i.e. missense mutations 

and in-frame deletions) were found in the WD40 repeat 
regions (Fig.  1b). These regions have previously been 
shown to be responsible for protein–protein interac-
tions with an as-yet unknown interaction partner, which 
may mediate the neurologic phenotype. Despite their 
common localization to the WD40 repeat regions, these 
variants ultimately led to a range of phenotypic features, 
encompassing both Pierpont Syndrome and non-Pier-
pont presentations. It is not clear whether this is due to 
differing effects of these variants on protein–protein 
interactions related to the 3D structure of Tbl1xr1 or 
whether other compensatory mechanisms might medi-
ate this phenotypic difference. Notably, TBL1XR1 is 
predicted to be poorly tolerant of loss-of function vari-
ants, with a loss-of-function observed/expected upper 
bound fraction (LOEUF) score of 0.11 and none reported 
in the Genome Aggregation Database (gnomAD) [37]. 
This supports the pathogenicity of such variants and the 
clustering of our variants suggests the importance of the 
WD40 regions, but it does not explain the phenotypic 
differences.

Further, it is notable that when acquired as somatic 
rather than germline changes, the same genetic vari-
ants that lead to neurodevelopmental impairment are 
also implicated in the cancer phenotype [7]. Indeed, the 
overall variant profile is similar between those reported 
in diffuse large B-cell lymphomas (DLBCL) and the neu-
rologic phenotype. In DLBCL, the D370Y variant has 
been shown to alter interactions with the SMRT/HDAC3 
complex [7]. It is possible that a similar alteration occurs 
in the neurologic phenotype. One limitation in the data 
is the relatively large proportion of respondents who did 
not provide genetic information, as this limits the abil-
ity to make genotype–phenotype correlations. It is not 
known whether functional differences caused by differ-
ent variants in TBL1XR1 may explain the phenotypic dif-
ferences seen here. Our data can now pave the way for 
more systematic experimental evaluation of altered pro-
tein–protein interactions across a range of mutations in 
TBL1XR1. An example of this process is known as “edgo-
typing” [38].

It is notable that a large proportion of respondents 
(n = 15, 36.6%) reported receiving additional genetic 
findings in addition to those related to TBL1XR1. As 
the information provided by most respondents was 
limited, it was not possible to determine whether these 
were diagnosed genetic conditions or if some were 
benign variants or carriers only. Further, five respond-
ents listed the TBL1XR1 variant in this field, so it is 
not clear whether these subjects truly had additional 
genetic findings. Regardless, one participant reported 
the presence of both 47, XYY and compound heterozy-
gous variants in FLG, making it likely that the clinical 
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variability associated with TBL1XR1-related disorder 
may be confounded to some degree by these secondary 
genetic findings.

The vast majority of respondents provided information 
regarding age of developmental milestone acquisition 
and loss, as applicable. The responses revealed a range 
of developmental outcomes, from near-normal to severe 
delay and, in a minority of cases, developmental regres-
sion. Although delays and regression were seen across 
developmental domains, language appeared most signifi-
cantly affected with the smallest percentage of the cohort 
achieving more advanced language milestones. Loss of 
language skills was also the most frequently reported 
type of regression.

Seizures were seen in over one-third of subjects, fre-
quently starting within the first years of life and nearly 
always before the age of ten. The majority of respond-
ents had a favorable response to medication; however, 
most had experienced a seizure within the 2 years prior 
to survey completion. This suggests that although there 
may be a degree of seizure control, it is too early to deter-
mine whether this will be long-lasting. Language regres-
sion was seen in half of the subjects with seizures despite 
occurring in slightly less than a quarter of the total 
respondents. Language may be directly impacted by the 
occurrence of seizures or the anticonvulsants used but 
language regression and seizures may also be part of a 
larger neurodegenerative process without a direct causal 
link. The potential relationship between seizures and lan-
guage regression in this population was not seen in other 
developmental domains, with no apparent relationship 
between seizures and motor or social regression. The 
interplay between seizures and developmental regres-
sion is not fully explained and remains an area for future 
study. Perinatal complications were reported at similar 
rates in those that experienced regression as in the over-
all cohort, making this less likely to explain the develop-
mental differences.

Both ASD and ADHD were commonly diagnosed in 
this population. Behaviors associated with these diagno-
ses, such as impulsivity and repetitive behaviors, were 
reported more frequently than were formal diagnoses, 
suggesting that relying on diagnosis alone may under-
represent the prevalence of behavioral issues. Given the 
prevalence of ASD and ADHD in this population, all 
patients with TBL1XR1-related disorder warrant careful 
screening for these conditions. Whether the presence of 
these diagnoses is associated with a more severe pheno-
type cannot be determined given the small sample size 
and is an area of future study. Other actionable condi-
tions, such as sleep disturbances, Chiari malformations, 
and spine issues were reported and would benefit from 
clinical consideration.

Beyond the associated neurologic impairment, the 
majority of subjects endorsed feeding difficulties. These 
difficulties ranged from aspiration requiring thickened 
feeds and, in a subset of patients, partial or complete tube 
feeds, to reflux and dysmotility. A majority of patients 
reported growth issues. The high prevalence of gastro-
intestinal and growth issues in this population should 
prompt close clinical monitoring and referral for special-
ist feeding and nutritional support when needed.

Limitations of the study lie in its cross-sectional, car-
egiver-reported nature and the small sample size under 
study. Although the vast majority of caregivers reported 
on developmental milestone acquisition and regression, 
far fewer reported associated ages. These data are lim-
ited by caregiver recollection and inability to be objec-
tively verified. There may be variance in caregiver ability 
to recall less discrete skills, such as making sustained eye 
contact, which can lead to bias in the reporting. Incon-
sistent responses in the survey data can lead to limita-
tions in interpretation. The data are further limited by the 
relatively young age of the subjects, making it difficult to 
draw conclusions regarding events that may arise later in 
life, such as seizures, that may not have yet occurred at 
the time of survey completion. This may lead to under-
estimating the frequency of some events in the popula-
tions. We have attempted to account for this by using 
cumulative incidence to adjust for the younger age of 
participants. Finally, participants were recruited from 
two disease-specific Facebook groups. This may lead 
to selection bias, as those who participate in the Face-
book groups and engage with the survey are likely more 
actively involved in the community and may differ from 
other affected families in ways that affect the reported 
characteristics.

It is only recently that TBL1XR1 has been linked to 
neurologic disease. This recognition has led to its inclu-
sion on disease-specific gene panels by major genetic 
testing companies, although the timing of inclusion and 
indications for testing are inconsistent between com-
panies. TBL1XR1 was initially added to Invitae epilepsy 
panels in 2016, while GeneDx added it to the test menu 
in 2018. As awareness of the TBL1XR1 phenotype has 
expanded, it has been added to a wider array of panels 
including those for neurodevelopmental disorders, ASD, 
ID, cerebral palsy, and hypotonia. As genes are added to 
particular panels, this can bias diagnosis towards those 
with particular clinical features and away from other 
presentations, over time affecting the apparent natu-
ral history of the disease. Further, not all aspects of the 
disease course may be related to the genetic defect in 
TBL1XR1. We found a significant number of patients 
experiencing perinatal complications and these could 
certainly be contributing to the reported course of the 
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disease. Additional genetic diagnoses were additionally 
reported in a significant proportion of the population, 
and it is not clear the extent to which this contributes to 
the reported phenotypes.

Given the timing of diagnoses in this cohort, most 
of the subjects likely would not have been diagnosed 
based on genetic panels. Indeed, 33 subjects (80.5%) 
reported undergoing exome sequencing. While exome 
and genome sequencing allow for a broader examination 
of genetic variants with less bias towards one specific 
clinical presentation, they require careful clinical pheno-
typing and may require reanalysis over time as new can-
didate genes are identified and phenotypic features are 
better elucidated.

To better understand TBL1XR1-related disorder, it is 
helpful to view it in the context of other genetic causes 
of ASD and ID. While these disorders share many com-
mon features, each carries distinct phenotypic features 
that allow for clinical recognition (Table 4). While devel-
opmental delay is nearly universal in TBL1XR1-related 
disorder, regression occurs in one-third only and most 
commonly affects language function. This is in con-
trast to related disorders such as Angelman Syndrome, 
where regression is not typically seen [39], or disorders 
with more common motor or social regression, such as 
Rett Syndrome [40, 41]. The triggers and mechanisms 
underlying regression due to TBL1XR1 gene defects are 
currently unknown. While the diverse nature of WD40 
interactions could play a role [10], a relationship remains 
speculative at this early stage in the field. Nearly one-
third of subjects with TBL1XR1-related disorder in the 
current survey reported seizures, a lower prevalence than 
is seen in Angelman Syndrome [39] and Rett Syndrome 
[40], but similar to related disorders such as Phelan-
McDermid syndrome [42]. Although only seen in a sub-
set of patients (classically those diagnosed with Pierpont 
Syndrome), the abnormal subcutaneous fat distribution 
and dysmorphic facies characteristic of this disorder 
remain a distinguishing feature.

Conclusions
TBL1XR1-related disorder encompasses a spectrum of 
clinical presentations, marked by early developmental 
delay ranging in severity, with a subset of patients expe-
riencing developmental regression towards the second 
decade. Seizures are common and may be related to 
language regression, although were not clearly related 
to regression in the motor and social domains. Further 
study is needed to determine whether functional differ-
ences caused by different variants in TBL1XR1 explain 
the phenotypic differences.
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