
Heterozygous Variants in TBCK Cause a Mild Neurologic 
Syndrome in Humans and Mice

Divya Nair1,*, Abdias Diaz-Rosado1,2,*, Elisa Varella-Branco3,*, Igor Ramos3, Aaron Black1, 
Rajesh Angireddy1, Joseph Park2, Svathi Murali1,4, Andrew Yoon1, Brianna Ciesielski5, W. 
Timothy O’Brien5, Maria Rita Passos-Bueno*,5, Elizabeth Bhoj*,1

1Department of Genetics, Children’s Hospital of Philadelphia, Philadelphia, PA, 19104 USA

2Department of Physiology, University of Pennsylvania Perelman School of Medicine, 
Philadelphia, PA 19104, USA

3Centro de Estudos do Genoma Humano e Células-Tronco, Universidade de São Paulo, São 
Paulo, Brazil

4Department of Engineering, University of Pennsylvania, Philadelphia, PA 19104, USA

5ITMAT, University of Pennsylvania, School of Medicine, Philadelphia, PA, 19104 USA

Abstract

TBCK-related encephalopathy is a rare pediatric neurodegenerative disorder caused by 

biallelic loss-of-function variants in the TBCK gene. After receiving anecdotal reports of 

neurologic phenotypes in both human and mouse TBCK heterozygotes, we quantified if TBCK 

haploinsufficiency causes a phenotype in mice and humans. Using the tbck+/− mouse model, we 

performed a battery of behavioral assays and mTOR pathway analysis to investigate potential 

alterations in neurophysiology. We conducted as well a PheWAS analysis in a large adult biobank 

to determine the presence of potential phenotypes associated to this variant. The tbck+/− mouse 

model demonstrates a reduction of exploratory behavior in animals with significant sex and 

genotype interactions. The concurrent PheWAS analysis of 10,900 unrelated individuals showed 

that patients with one copy of a TBCK loss-of-function allele had a significantly higher rate of 

acquired toe and foot deformities, likely indicative of a mild peripheral neuropathy phenotype. 

This study presents an example of what may be the underappreciated occurrence of mild 

neurogenic symptoms in heterozygote individuals of recessive neurogenetic syndromes.
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Introduction:

Biallelic loss of function (LOF) variants in the TBCK gene cause TBCK-related 

encephalopathy (TBCKE), an autosomal recessive disorder with recognizable intellectual 

disability and hypotonia affecting both the central and peripheral nervous system. Affected 

individuals typically present with progressive neurologic dysfunction due to brain atrophy, 

frequently with concomitant neuromuscular weakness, coarse facies, and chronic respiratory 

failure 1–4. Individuals with severe disease usually die before the third decade of life due to 

respiratory complications. Although there is significant variability within the syndrome, 

evidence for a genotype-phenotype correlation has been observed. There are currently 

no targeted treatments for this disorder and no description of the phenotypes of the 

heterozygotes of TBCK variants have been published.

TBCK protein contains three different functional domains, an N-terminal serine/threonine 

kinase domain, central Tre-2/Bub2/Cdc16 (TBC) domain, and a C-terminal rhodanese 

homology domain (RHOD). It was recently found that TBCK makes up one of the five parts 

of the Five-subunit Endosomal Rab5 and RNA/ribosome intermediarY (FERRY) complex, 

which transports mRNA within the cell for local translation. Specifically, it was shown 

to be vital for the transport of nuclear mRNA encoding mitochondrial proteins. FERRY 

interacts with Rab5, and it is speculated that the TBC domain of TBCK could act as a 

Rab GTP-hydrolysis activating protein (GAP), catalyzing GTP hydrolysis of Rab GTPases 
5, 6. In silico analysis suggests the kinase domain is not catalytically active, and very little 

is known about the RHOD domain1. Although there is no direct evidence of TBC domain 

activity, multiple missense variants in this region can cause an array of neurologic symptoms 

in affected individuals, indicating the critical role of this domain in TBCK protein function 
1; 2; 7.

Studies from patient-derived and TBCK knock-down (KD) cells of different types (such as 

fibroblasts, neuroprogenitor patient cells) show that TBCK deficiency downregulates mTOR 

signaling, affecting critical cellular processes like cell growth, proliferation, migration, cell 

division, and autophagy.1,3,8 Aberrant mTORC1 signaling is observed in several autism-

related syndromes, including tuberous sclerosis complex (TSC), Rett syndrome (RTT), 

Angelman syndrome, and neurofibromatosis type 1 (NF1), which are characterized by 

impairments in social interaction, communication, and other atypical behavior patterns9. 

While many of these disorders exhibit increased mTORC1 activity in patient-derived cells 

and brain tissues, a human pluripotent stem cell model of RTT shows decreased mTORC1 

signaling. These findings suggest that bidirectional deviation in mTORC1 signaling can 

affect social behavior and cognition 9. Similarly, mTORC1 suppression in cerebellar 

Purkinje cells negatively affects social interaction in mice 10, highlighting that dysregulated 

mTORC1 signaling in the mouse brain can affect behavioral change. TBCK patient-derived 

fibroblasts harboring a p.R126X variant display mitochondrial respiratory defects, increased 

mitophagy, and supranormal accumulation of autophagosomes3. Treatment with acidifying 

lysosomal nanoparticles alleviated the mitochondrial respiratory defects, indicating that 

dysfunction in the autophagy-lysosomal pathway may play a critical role in TBCKE 

pathogenesis. Insufficient clearance of autophagosomes has been implicated in multiple 
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neurodegenerative disorders, including Parkinson’s and Huntington’s disease.3, 11 Impaired 

vesicle trafficking from the endoplasmic reticulum to Golgi also seems to be impaired 

in neuroprogenitor cells (iNPCs) derived from induced pluripotent stem cells of TBCKE 

patients.27

While the mechanism of disease has yet to be determined, biallelic TBCK LOF results 

in severe neurogenic disease with both CNS and neuromuscular components. During the 

process of establishing a TBCK KO mouse colony, our lab anecdotally observed abnormal 

behavior in heterozygous animals, leading us to suspect that TBCK LOF may present with a 

haploinsufficiency phenotype in mice. In order to investigate this hypothesis, we performed 

a battery of behavior assays in a TBCK+/− mouse model, as well as examined mTOR 

signaling pathway modulation in the brain. Contemporaneously, patient families reported 

to us that the “unaffected” heterozygotes of TBCKE seemed to have mild neurologic 

findings, most closely resembling apraxia. Therefore, we also conducted a human phenome-

wide association study (PheWAS) of 10,900 unrelated individuals from the Penn Medicine 

Biobank (PMBB), with the goal of identifying phenotypes which significantly correlate with 

heterozygote status for predictive loss-of-function (pLOF) TBCK variants.

Materials and Methods:

Phenome-Wide Association Studies – PheWAS Penn Medicine BioBank:

All individuals who were recruited for the Penn Medicine BioBank (PMBB) are patients of 

clinical practice sites of the University of Pennsylvania Health System. Appropriate consent 

was obtained from each participant regarding storage of biological specimens, genetic 

sequencing, access to all available electronic health record (EHR) data, and permission 

to recontact for future studies. The study was approved by the Institutional Review Board of 

the University of Pennsylvania and complied with the principles set out in the Declaration of 

Helsinki.

Whole-exome sequencing and variant annotation:

This study included a subset of 11,451 individuals in the PMBB who have undergone 

whole-exome sequencing (WES). For each individual, we extracted DNA from stored buffy 

coats and then obtained exome sequences generated by the Regeneron Genetics Center 

(Tarrytown, NY), and these sequences were mapped to GRCh37. As previously described 
12, we removed samples with low exome sequencing coverage, high missingness, high 

heterozygosity, dissimilar reported and genetically determined sex, genetic evidence of 

sample duplication, and cryptic relatedness (i.e. 2nd degree or closer), leading to a total of 

10,900 individuals for analysis. From the WES data, frameshift insertions/deletions, gain of 

stop codon variants, or variants disrupting canonical splice site dinucleotides in the TBCK 

gene were annotated as pLOF according to the NCBI Reference Sequence (RefSeq) 13 

database via ANNOVAR (version 2018Apr16) 14. For splicing variants, we removed those 

with SpliceAI scores < 0.2 for loss or gain of acceptor or donor site 15.
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Clinical data collection:

As previously described 12, International Classification of Diseases Ninth Revision (ICD-9) 

and Tenth Revision (ICD-10) disease diagnosis codes and procedural billing codes, 

medications, and clinical imaging and laboratory measurements were extracted from the 

patients’ EHR for PMBB. ICD-10 encounter diagnoses were mapped to ICD-9 via the 

Center for Medicare and Medicaid Services 2017 General EquivalencyMappings (https://

www.cms.gov/Medicare/Coding/ICD10/2017-ICD-10-CM-and-GEMs.html) and manual 

curation. Phenotypes for each individual were then determined by mapping ICD-9 codes 

to distinct disease entities (i.e. Phecodes) via Phecode Map 1.2 using the R package 

“PheWAS” 16. Patients were determined to have a certain disease phenotype if they had 

the corresponding ICD diagnosis on two or more dates, while phenotypic controls consisted 

of individuals who never had the ICD code. Individuals with an ICD diagnosis on only one 

date as well as individuals under control exclusion criteria based on PheWAS phenotype 

mapping protocols were not considered in statistical analyses.

Association studies:

A phenome-wide association study (PheWAS) approach was used to determine the 

phenotypes associated with TBCK pLOF variants carried by individuals in PMBB 17. Each 

disease phenotype was tested for association with each gene burden or single variant using a 

logistic regression model adjusted for age, sex, and the first ten principal components (PCs) 

of genetic ancestry. We used an additive genetic model to collapse variants per gene via the 

fixed threshold approach 18. Given the high percentage of individuals of African ancestry 

present in the discovery PMBB cohort, association analyses were performed separately 

in European (N=8,198) and African (N=2,172) genetic ancestries and combined with 

inverse variance weighted meta-analysis. Our association analyses considered only disease 

phenotypes with at least 20 cases, leading to the interrogation of 1,000 total Phecodes and a 

phenome-wide significance threshold of p=0.05/1000=5E-05 to account for multiple testing 

with Bonferonni correction. All association analyses were completed using R version 3.3.5 

(Vienna, Austria).

Behavior:

All animals were cared for in accordance with the ethical guidelines of the National 

Institutes of Health. The University of Pennsylvania Institutional Animal Care and Use 

Committees approved all animal procedures. All mouse lines were acquired from the 

Jackson Laboratory. The TBCK KO line (TBC1 domain containing kinase; targeted 

mutation 1b, Helmholtz Zentrum Muenchen GmbH), was backcrossed to C57BL/6J for 

six generations to generate the mice used in this study.

Elevated Zero Maze:

Exploration of the elevated zero maze is sensitive to anxiolytic drugs thus, it is used 

routinely to assess anxiety-related behavior. The maze consists of a 2” wide circular track 

with two walled and two open areas, elevated 16” above the floor. Mice were habituated to 

the procedure room for 30 minutes prior to the test. A 5-minute trial began with a mouse 

placed in the center of a walled area. Digitally recorded trials were processed for automated 
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analysis by ANYmaze software (Stoelting Co) to generate the time spent in the open areas 

of the maze and distance traveled.

Open Field Activity:

Spontaneous activity in an open field arena is commonly used to assess locomotion and 

rearing. A Photobeam Activity System (San Diego Instruments) was used to acquire data. 

The clear Plexiglas arena (16 in. x 16 in. x 18 in.) is fitted with IR emitters and photo 

sensors to detect beam breaks as peripheral, center and rearing activity. After a 30-minute 

habituation to the testing room, a 10-minute trial began with a mouse placed in the center of 

the arena.

Accelerating Rotarod:

The Rotarod (IITC San Diego Ca.) is a 1” diameter, horizontal rod with a knurled surface, 

programmable to accelerate at different rates. As the rod accelerates, the mouse must adjust 

the cadence of its stride to remain on the rod. The mouse was lowered gently onto the 

stationary rod and then rotation was started. A trial ends when the mouse fails to walk, 

by either falling from the rod or making a full rotation while gripping the rod. Mice that 

completed the full 300 seconds were removed from the rod to end the trial. A modified 

high-speed protocol was employed to assess repetitive motor behavior 19. Each day, prior to 

the test, mice were habituated to the procedure room for thirty minutes. Mice received three 

trials per day, with an intertrial interval of 30 minutes, over four consecutive days. On the 

first two days, the rotarod accelerated from 4 to 40 rpm; on the last two days, the rotarod 

accelerated from 8 to 80 rpm. Between all trials, the equipment was wiped with 70% EtOH. 

On the first trial only, mice were placed on the stationary rod for two minutes for habituation 

before acceleration began. The latency to failure to continue walking was noted.

Spontaneous Alternations in a Y-maze:

During exploration of a three-armed maze, mice demonstrate an innate propensity to avoid 

entering the “just-visited” arm, with preference for the arm not “just-visited”. Thus, in a Y 

shaped maze, with arms designated A, B and C, mice stereotypically travel from arm A to 

B to C then back to A, spontaneously alternating the sequence of arms entered. Departure 

from this strategy, for example from A to B to A suggests a failure to recall exploration 

of the “just-visited” arm and is indicative of a short term or working memory impairment. 

After 30 minutes of habituation to the procedure room, a mouse was placed at the end of 

an arm and allowed to explore freely for 8 minutes. A Y-maze with 15” long x 3” wide 

arms (San Diego Instruments) was used. High-definition video recordings were for graded 

by an individual blind to group designation. Entry into an arm was defined as when all four 

paws were placed inside an arm. The percent spontaneous alternation was calculated as 100 

x [number of alterations / (total arm entries−2)]. The total number of arm entries is also 

determined as a measure of activity.

Acoustic Startle Response and Pre-pulse inhibition:

The acoustic startle response (ASR) procedure assesses reactivity to audible stimuli. Mice 

were tested with the SR-Lab system (San Diego Instruments). Mice were placed in a 5” 
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x 1.75” dia. tube mounted on a platform with a stabilimeter, within a sound attenuating 

cabinet. The movement of the mouse was detected as a voltage disruption by the stabilimeter 

and transduced to a digital format. Motion was sampled for 120 msec after each stimuli 

presentation. A small speaker mounted inside the cabinet delivered the stimuli. A continuous 

70dB white noise background was presented throughout the session. After a 5 min 

acclimation to the background noise, the mice received a block of 40 msec, 120dB white 

noise bursts to collect baseline reactivity. This was immediately followed by a block of 

white noise bursts (100,110,120 dB and background noise) randomly delivered, 8–15 sec. 

apart. Each intensity was presented 6 times in a pseudo-randomized fashion. Peak amplitude 

of the startle response, average response, total movement during the trial and latency to peak 

startle response were acquired. The data were used to calculate an intensity-response curve.

Pre-pulse inhibition (PPI) trials followed the intensity-response block of trials. PPI naturally 

occurs when a weaker, non-startle evoking stimulus precedes a stronger startle-evoking 

stimulus. The pre-pulse stimuli is predictive of the higher intensity stimuli so that the 

typical response to the startle-evoking stimuli is attenuated. A disruption of the inhibition 

suggests a sensory-motor response integration deficit. The 120 dB startle-evoking stimuli 

were delivered either alone (no pre-pulse) or preceded by a 20 msec pre-pulse, delivered at 

three different intensities (78, 81 or 85 dB). PPI for each pre-pulse intensity is calculated as 

the percent decrease of the pre-pulse startle responses compared to no-prepulse responses. 

An assessment of habituation is also obtained by comparing responses to a final block of 6, 

120dB stimuli to the responses of the first block of 120dB stimuli. Habituation is calculated 

as the percent reduction of the latter block relative to the former.

Western blot:

Brains from 14–16-week-old C57BL/6J mice were harvested, and total tissue lysates were 

prepared by homogenizing brain tissue in RIPA lysis buffer (0.1% SDS, 1%NP40 and 0.5% 

deoxycholate) with protease (cat#: 11873580001, Sigma-Aldrich) and phosphatase (cat#: 

04906845001, Sigma-Aldrich) inhibitors. Protein concentration from total tissue lysates 

was estimated using the BCA Protein Assay kit (cat#: 23225, Thermo Scientific). A total 

of 30μg protein was separated by SDS-PAGE and transferred to PVDF membranes (cat#: 

IPVH00010, EMD Millipore). Western blotting is performed using primary antibodies to 

TBCK (cat#: HPA039951, Sigma), S6 (cat#: 37174, CST), phospho-S6 (cat#: 37174, CST), 

LC3 (cat#: L8918, Sigma), β-actin (cat#: Sc-69873, CST), and the blots were developed 

by incubating with ECL reagent (cat#: 34578, Thermo Scientific) and imaged in ChemiDoc 

(BioRad).

Neurite dynamics assay:

Neurons (50 days post neural induction) derived from control (n = 1), patient (n= 2) and 

heterozygote (n = 1) individuals were dissociated and plated on polyornithine and laminin 

coated 24-well clear plates (Corning® Costar® TC-Treated, CLS3527) at ~120,000 cells/mL. 

Plates were cultured, imaged and analyzed with the IncuCyte Live Cell Analysis System 

(Essen Bioscience) for 95h. Phase-contrast images were obtained at 20× magnification 

using the IncuCyte® system (Essen Bioscience). The Incucyte Neurotrack software module 

automatically processes the images and analyzes neurite dynamics. The cells were imaged 
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every 30 minutes with the IncuCyte System and the morphological parameters (cell body 

cluster area, neurite length and branch point number) were quantified. We selected five 

timepoints (2h, 24h, 48h, 72h, 95h) to observe the possible difference among groups. Each 

experimental condition was performed in 3 replicate wells. Patients’ measures were merged 

and the mean was utilized in graphs. Data were normalized to control t = 2h, similarly to 

Srikanth et al. (2018) 23.

Statistics:

Two-way analysis of variance (ANOVA) was used to compare data for the open field 

(horizontal activity, rearings, center activity, and total activity), Y-maze (% spontaneous 

alternations and arm entries), elevated zero maze (time in open and distance traveled), 

and acoustic startle response (ASR) pre-pulse inhibition outcomes. These models assessed 

for differences in genotype, sex, and the genotype by sex interaction. For the rotarod 

data, repeated measures ANOVA, stratified by sex, was used to assess differences by trial, 

genotype, and genotype by trial interaction. Similarly, for the acoustic startle input/output 

response, repeated measures ANOVA, stratified by sex, was used to assess differences by 

intensity, genotype, and genotype by intensity interaction. Since the input/output response 

distribution was right-skewed, a log transformation was used to obtain approximately normal 

distributions. The models were run using the original, untransformed data and the log 

transformed data. Only the results of the original data are presented since the conclusions 

did not differ when using the log transformed data. Quantitative data are presented in the 

figures as means ± standard error of the mean (SEM). Analyses were performed using SAS 

version 9.4 (SAS Institute, Cary, NC). For the neurite dynamics analysis, we performed 

a two-way ANOVA corrected for multiple comparisons with the Holm-Šídák test using 

GraphPad Prism 9 software.

Results:

PheWAS analysis shows that TBCK heterozygote status is significantly associated with 
acquired foot deformities

In coordination with the PMBB, we assessed a sample of 10,900 unrelated individuals 

for TBCK pLOF gene burden. A total of 19 TBCK+/− heterozygotes were identified 

in this subset, representing 16 unique pLOF variants in TBCK. These variants were 

composed of seven frameshift insertions/deletions, five stop-gain variants, and four splicing 

variants disrupting canonical splice site dinucleotides. A PheWAS of the gene burden 

of pLOF variants in TBCK showed phenome-wide significant associations with acquired 

hammer toe (p=4.39E-07) and other acquired toe deformities (p=1.24E-06), as well as 

near-significant associations with hallux valgus (p=2.59E-04) and acquired foot deformities 

(p=4.62E-04) (Figure 1). The subsequent review of significant phenotypes showed that 2 

of 19 heterozygous individuals were diagnosed with both hammer toe and hallux valgus, 

phenotypes that are often the first signs of peripheral neuropathy. These results indicate that 

TBCK heterozygotes are predisposed to foot and toe deformities, likely due to peripheral 

neuropathy.
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It is worth mentioning that, despite the differences observed in the PheWAS data, one 

limitation of this study lies in the lack of qualitative/phenotypic data obtained from a 

natural history study. Even though the genotype for many of these carriers have been 

molecularly confirmed, time constraints and availability of resources limited our ability 

to collect detailed information on the clinical presentation of these subjects. Nonetheless, 

shared anecdotes from informal conversations with family members led to the pursual a 

phenotypic assessment in TBCK carrier, and hence a PheWAS.

Behavioral studies show significant reductions in exploration drive for TBCK+/− animals

In the process of backcrossing our TBCK KO line to the C57BL/6J background, we found 

that the TBCK−/− genotype, which on the prior genetic background resulted in pre-weaning 

death, was now embryonic lethal. Furthermore, we soon observed an anecdotal pattern of 

abnormal behavior in our TBCK+/− mice. Based upon these findings, we chose to perform 

an in depth battery of behavioral assays to verify and investigate these abnormalities. Open 

field (OF) activity assays are commonly utilized to examine locomotor, exploratory, and 

anxiety-like behavior in mice 20. WT and TBCK+/− mice were assayed for spontaneous open 

field activity over a 10-minute period. While no significant genotype-correlated difference 

was observed for horizontal, center, or total activity, we found that TBCK+/− group had 

significantly reduced rearing compared to WT (p = 0.0199) (Figure 2A, B, C, D). Within 

the composite sex TBCK+/− group, there was also a sex-based difference, with only male 

TBCK+/− mice displaying a significant reduction in rearing (data not shown, p = 0.0324). 

An accelerating rotatrod assay did not elicit differences between TBCK+/− and WT animals, 

indicating that they likely do not suffer from balance or motor coordination defects (Figure 

2E).

The acoustic startle response (ASR) measures the amplitude of the reflexive response to 

a loud acoustic stimulus. This response is mediated by a simple neural circuit located in 

the lower brain stem. The startle response can vary due to direct perturbations of this 

circuit, but can also be affected by other external and internal factors, including illumination, 

pharmacological compounds, anxiety, and neuropsychiatric disorders 22. ASR is frequently 

used to evaluate if conditions or stimuli perturb sensorimotor integration. We performed 

ASR with startle evoking white-noise bursts of 100, 110, and 120dB. The overall TBCK+/− 

group did not show a significant difference in response compared to the WT group (data 

not shown). However, segregating the groups by sex revealed that female TBCK+/− mice 

responded less to stimuli of increasing decibels than WT females (p = 0.0155) (Figure 

2F). Pre-pulse inhibition (PPI) measures the attenuation of the acoustic startle response 

when it is preceded by a startle provoking sound of lower dB. It is used to examine 

sensorimotor gating, that is, the ability to attend to a predictive stimulus and modulate a 

response. Neuropsychiatric disorders with PPI dysfunction include attention deficit disorder, 

schizophrenia, Huntington’s disease, and Tourette’s syndrome 22. TBCK+/− mice showed 

significant disruption of PPI at the 87-decibel pre-pulse stimulus as compared with WT mice 

(p = 0.0259) (Figure 2G). No differences were observed at the 78 and 81-decibel pre-pulse 

stimuli. This reduction in PPI may represent a deficit in attention, wherein the animals are 

not able to properly process the pre-pulse stimulus.
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The Y maze behavioral assay is used to assess working spatial memory in animals. We 

found that the number of spontaneous arm alternations observed did not change between 

WT and TBCK+/− animals at 3, 5, or 8 minutes, but that there was a significant reduction 

in the total number of arm entries at 8 minutes for TBCK+/− males as compared to WT 

males (p = 0.0449) (Figure 3A & B). Reductions in the total number of arm entries can 

be attributed to impaired spontaneous locomotor activity or reduced exploratory behavior. 

However, our OF and rotarod data showed no reduction in motor function, suggesting that a 

reduction in exploratory drive is the likely cause. Mouse exploratory drive is often reduced 

in animals with anxiety-like behavior; to investigate if this is the case in TBCK+/− mice, 

we utilized the elevated zero maze (EZM) test, which quantifies the time the mice willingly 

spend in an exposed, stressful location 21. These EZM results showed no differences in the 

time spent in open areas between TBCK+/− and WT mice, nor a significant difference 

in the distance traveled between groups. However, there was a statistically significant 

difference in distance traveled between male and female TBCK+/− mice (p = 0.0491), with 

male heterozygotes traveling longer distances and female heterozygotes traveling shorter 

distances. This was largely driven by a strong trend toward less distance traveled in female 

TBCK+/− mice as compared to WT (p = 0.0703) (Figure 3C & D). Typically, an increase 

in anxiety-like behavior would results in the mice spending less time in the open areas of 

the EZM, however we did not observe this. Instead, we found that female TBCK+/− mice 

traveled less than male TBCK+/−, and strongly trended towards less travel when compared to 

female WTs. These Y maze and EZM results suggest that while TBCK+/− mice do not show 

anxiety-related behavior, they may have reduced exploratory drive, resulting in reduced 

investigatory behavior.

Taken altogether, our behavioral results show that TBCK+/− animals present with a broad 

and subtle neurological phenotype, often with sex-dependent differences.

mTORC1 is differentially regulated in male vs female mice regardless of genotype

Previous studies done in TBCK patient-derived fibroblast have revealed the significant 

impact that TBCK mutations can have upon mTOR signaling. Even though the mechanism 

is still unclear, recent studies have shown significant changes in autophagy and S6 

phosphorylation1,3. Since both autophagy and phosphorylation of S6 are directly affected 

by mTOR signaling, we wished to determine whether our TBCK+/− mouse model would 

also display mTOR downregulation in CNS tissue. To investigate this, we performed 

WB analysis on WT and TBCK+/− total brain tissue lysates with antibodies to TBCK, 

total S6, phospho-S6, LC3, Phospho-p70 S6K, total p70 S6K, Phospho-4E-BP1 and total 

4E-BP1. Unexpectedly, we observed no expression differences associated with genotype, 

but we did find that male mice, regardless of genotype, showed significant reductions in 

phospho-S6 (235/236) and p-4E-BP1 as compared to females (Figure 4A, C & E). As 

both phospho-S6 and p-4E-BP1 are direct readouts for mTORC1 activity, this indicates that 

mTORC1 signaling is reduced in male brains regardless of their genotype (Figure 4A, C 

& E). We did not observe any difference in the protein levels of TBCK, p-P70-S6K or 

autophagosomal marker LC3 (Figure 4A, B, D & F). These results indicate that, in general, 

mTOR signaling is differentially modulated in the brains of male and female mice. These 
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sex-based differences in mTOR signaling may explain why we often observe sex-based 

differences in TBCK+/− mouse behavior.

Discussion

It is clear that there are shared mechanisms of pathology between rare neurogenetic 

disorders and common forms of similar diseases. In this study we wanted to investigate 

if TBCK-related encephalopathy (TBCKE), a severe autosomal recessive neurodegenerative 

disorder, also presents with a heretofore unrecognized mild form in TBCK heterozygotes. 

This was driven by unsolicited reports from families of children with TBCKE, describing 

mild neurodevelopmental differences in the heterozygous parents and siblings, most closely 

resembling non-specific apraxia. In parallel, during the expansion of our TBCK KO mouse 

colony we received multiple anecdotal reports that TBCK+/− mice displayed behavioral 

abnormalities when compared to WT littermates. Based upon these reports, we chose to 

quantify the neurobehavior differences in mice, and investigate the potential phenotypes in 

human heterozygotes through PheWAS.

To assess quantifiable neurobehavioral difference in the TBCK+/− mice, we performed 

a battery of behavior procedures. In summary, the results from these behavioral studies 

support the hypothesis that TBCK+/− mice evince less exploratory behavior than WT 

animals, often with sex-specific dimorphism. An open field activity assay did not show 

any significant differences for horizontal and center activity, but did show that heterozygous 

animals reared significantly less, with males more severely affected than females. The 

Y-maze assay found that male TBCK+/− mice entered new arms less frequently than WT 

males, while the elevated zero maze found that female TBCK+/− mice strongly trended 

towards traveling shorter distances in the assay (p = 0.0703). This reduction in rearing and 

investigative behavior demonstrates diminished exploratory behavior among the TBCK+/− 

cohort. As TBCKE patients present both cognitive and neuromuscular defects, it was also 

necessary to distinguish between behavioral alterations caused by neurological changes 

and those potentially caused by reduced physical capabilities. In the TBCK+/− population, 

no differences were observed in the open field procedure for horizontal, center, and 

total activity, and the accelerating rotarod assay also did not uncover any abnormalities. 

Combined, these results suggest that any behavioral abnormalities identified are not driven 

by reduced physical function, and instead can be attributed to deficits in the specific 

behavior traits.

Interestingly, we also observed a striking sex difference in mTOR signaling in the brains of 

the heterozygote mice, but not a genotype-driven difference. As we didn’t see a difference 

in TBCK protein levels between the heterozygous and wildtype littermates, it’s possible 

that the WT allele is able to generate sufficient TBCK to maintain a generally normal 

homeostasis. In the future, it would be interesting to look at intracellular localization of 

TBCK protein, as well as examine the heterozygotes and wildtype littermates for other 

physiological and molecular differences that could explain their deviations in behavior. The 

sex difference in mTORC1 activation levels has been described previously in wildtype mice, 

with pS6 levels four times higher in fasted female mice 26.
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In a human PheWAS composed of >10,000 unrelated individuals, we found a phenome-wide 

significant correlation between TBCKE heterozygote status and both “acquired hammer 

toe” (p=4.39E-07) and “other acquired toe deformities” (p=1.24E-06). While puzzling at 

first, when the newly discovered role of TBCK in axonal mRNA transport was reported we 

were able to hypothesize that these phenotypes represent an axonal neuropathy presenting 

first with hammer toe, similar to Charcot-Marie-Tooth syndrome.24 Since the autosomal 

recessive form of TBCKE is so clinically severe, we propose that a neuropathy would be 

overlooked. In this PheWAS we did not see any neurodevelopmental phenotypes, likely 

because we were limited to those diagnoses that are recorded in the adult electronic medical 

record (EMR.) Interestingly, a more severe muscular disease has been described in one 

family with biallelic TBCK LOF variants25. We hypothesize that milder learning disabilities 

or apraxias would not be recorded into the EMR in an adult-focused health system. We 

did attempt to perform a PheWAS in a pediatric biobank (Center for Applied Genomics at 

the Children’s Hospital of Philadelphia), but despite being the largest EMR-linked pediatric 

biobank, there were not enough patients with TBCK LOF variants within this smaller 

population to perform the analysis.

We would recommend that patients who are heterozygous for a pathogenic TBCK variant 

be evaluated in adulthood for signs of axonal neuropathy. Since our study included adult 

patients of all ages, some of whom may have yet to develop symptoms, we are unable to 

quantify the risk of neuropathy to an individual. We hope through dedicated genotyping 

and neurologic evaluation of TBCK LOF heterozygotes over time we will have the data to 

calculate this more specifically.

In conclusion, it is well-documented that autosomal recessive TBCK deficiency presents 

with a severe progressive neurodegenerative disorder. In this study we quantified the 

effects of heterozygosity for TBCK LOF in both humans and a mouse model. Utilizing 

PheWAS, we found a statistically significant correlation between TBCK heterozygosity and 

peripheral neuropathy, which is supported by recent cellular data showing the important 

role of TBCK in axonal mRNA trafficking. In addition, we saw decreased exploratory 

behavior in the TBCK heterozygous mice, suggesting a neurobehavior difference. Therefore, 

haploinsufficiency of TBCK results in a previously unidentified mild phenotype in both 

humans and mice. There are likely many other severe recessive disorders with overlooked 

mild phenotypes that can help explain some percentage of the incidence of common 

polygenic disorders.
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Data Availability:

All variants described here are deposited in ClinVar. Any additional data will be provided 

upon request.
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Figure 1: Gene burden PheWAS of pLOF variants (N=19 heterozygous individuals) in TBCK.
Phecodes are plotted along the x axis to represent the phenome, and the association of the 

gene burden with each Phecode is plotted along the y axis representing −log10 (p value). 

The red line represents the Bonferroni-corrected significance threshold to adjust for multiple 

testing (p=5E-05), and the blue line represents a nominal significance threshold (p=0.05).
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Figure 2: OF, ASR, and PPI analysis in TBCK+/− and wild type C57BL/6J animals.
Animals were habituated for 30min to the procedure room and subsequently underwent open 

field testing for 10min. Mice were tested for A. Open field total activity (WT: n=30 (f=14, 

m=16), TBCK +/−: n=28 (f=13, m=15)), B. horizontal activity (WT: n=33 (f=16, m=17), 

TBCK +/−: n=32 (f=16, m=16)), C. center activity (WT: n=33 (f=16, m=17), TBCK +/−: 

n=32 (f=16, m=16)), and D. rearing (WT: n=30 (f=14, m=16), TBCK +/−: n=28 (f=13, 

m=15)). E. rotarod assay (n=16–17/group), F. ASR test measuring the response to 40 ms 

stimuli of 0 dB, 100 dB. 110 dB, and 120 dB (n=16–17/group)). G. PPI with a 120 dB 

startle-evoking stimuli delivered alone (no pre-pulse) or preceded by a 20 msec pre-pulse 

stimuli delivered at three different intensities (WT: n=33 (f=16, m=17), TBCK +/−: n=32 

(f=16, m=16)).
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Figure 3: Y-maze and elevated zero maze behavioral assays in TBCK+/− and wild type C57BL/6J 
animals.
A. Spontaneously alternating arm entries in a Y-maze at 3, 5, and 8 minute timepoints 

(n=11–15/group), B. Total arm entries in a Y-maze at 3, 5, and 8 minute timepoints (n=11–

15/group), C. Time spent in the open areas of the EZM (WT: n=7–8/group (f=8, m=7), 

TBCK +/−: n=3–9/group (f=3, m=9)), D. Total distance traveled in the EZM (WT: n=7–8/

group (f=8, m=7), TBCK +/−: n=3–9/group (f=3, m=9)).
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Figure 4: mTOR signaling is differentially regulated in male vs female mice regardless of 
genotype.
Western blotting was performed using TBCK+/− and WT mouse total brain lysates.
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