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Abstract

De novo, heterozygous, loss of function variants were identified in Pou domain, class 4, 

transcription factor 1 (POU4F1) via whole exome sequencing in four independent probands 

presenting with ataxia, intention tremor, and hypotonia. POU4F1 is expressed in the developing 

nervous system, and mice homozygous for null alleles of Pou4f1 exhibit uncoordinated 

movements with newborns being unable to successfully right themselves to feed. Head magnetic 

resonance imaging of the four probands was reviewed and multiple abnormalities were noted 

including significant cerebellar vermian atrophy and hypertrophic olivary degeneration in one 

proband. Transcriptional activation of the POU4F1 p.Gln306Arg protein was noted to be 

decreased when compared to wild-type. These findings suggest that heterozygous, loss-of-function 

variants in POU4F1 are causative of a novel ataxia syndrome.
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Introduction

Hereditary ataxias are a highly heterogeneous group of disorders with symptoms 

manifesting as slowly progressive incoordination of movement and gait (Jayadev & Bird, 

2013). While more than 150 genes have been identified as causative of hereditary ataxias, 

including genes with autosomal recessive, autosomal dominant, X-linked, and mitochondrial 

inheritance, many causative disease genes have yet to be recognized and many affected 

patients remain without an underlying molecular diagnosis (Parodi, Coarelli, Stevanin, 

Brice, & Durr, 2018).

POU4F1, alternatively known as BRN3A, encodes a class IV POU domain-containing 

transcription factor expressed in the developing nervous system. The POU domain is a 

bipartite domain composed of two subunits, a POU-specific domain and a POU-

homeodomain, separated by a non-conserved region of 15 to 55 amino acids (Herr et al., 

1988). The class IV POU domain group includes C. elegans Unc-86, which is expressed 

solely in neuroblasts and neurons, and human POU4F1, POU4F2, and POU4F3 genes, 

which are expressed in the brainstem, retina, dorsal root ganglia, and trigeminal ganglia 

(Xiang, Gan, Zhou, Klein, & Nathans, 1996). POU4F1 expression is present in the medial 

habenula, red nucleus, inferior olivary nucleus, and superior colliculus. Targeted disruption 

of Pou4f1 leads to a specific phenotype in Pou4f1−/− mice where newborns are noted to have 

decreased suckling with absence of rhythmic jaw opening as well as uncoordinated limb and 

truncal movements leading to impaired righting and death before 24 hours of age. Pou4f1+/− 

mice are indistinguishable from wild-type mice in growth and behavior (Xiang et al., 1996). 

Additionally, Pou4f1−/− mice have loss of neurons in the trigeminal ganglia, medial 

habenula, red nucleus, inferior olivary nucleus, and nucleus ambiguus (McEvilly et al., 

1996; Serrano-Saiz, Leyva-Diaz, De La Cruz, & Hobert, 2018; Xiang et al., 1996)

Here we report four probands from separate families who presented with an unknown ataxia 

syndrome and who were found to have heterozygous, de novo pathogenic variants in 

POU4F1. This work expands the known genetic etiologies of hereditary ataxia syndromes.

Methods

Patients, families, and clinical evaluation.

This study was conducted in accordance with the Declaration of Helsinki. The families were 

enrolled in a research protocol approved by the Institutional Review Board at the Icahn 

School of Medicine at Mount Sinai. Adult participants and guardians of children provided 

written informed consent for participation. Medical records from subspecialists including 

pediatric neurologists, pediatric ophthalmologists, and clinical geneticists were reviewed in 

detail. Detailed medical histories were taken. Head magnetic resonance imaging (MRI) was 

obtained for review. Patient videos, including videos showing ataxia and ocular motility, 

were obtained and reviewed.

Whole exome sequencing.

The four probands received whole exome sequencing through a clinical laboratory (GeneDx, 

Gaithersburg, MD). Using genomic DNA from the proband and parents, the exonic regions 
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and flanking splice junctions of the genome were captured using the IDT xGen Exome 

Research Panel v1.0. Massively parallel sequencing was done on an Illumina system with 

100bp or greater paired-end reads. Reads were aligned to human genome build GRCh37/

UCSC hg19, and analyzed for sequence variants using a custom-developed analysis tool. 

Additional sequencing technology and variant interpretation protocol has been previously 

described (Retterer et al., 2016).

Analysis of brain MRI data.

We reviewed head magnetic resonance (MR) imaging from the four probands. Additionally, 

for each available MR scan the cross-sectional areas of the vermis were measured on the 

mid-sagittal images as pixel counts within manually drawn contours using the GNU Image 

Manipulation Program (Open Source, version 2.10.20) (Supp. Tables S1–4, Supp. Figures 

S2–3). The pixel counts were then normalized to cm2 areas using the intrinsic cm marking 

strip included within each MR image. Standards for normal mid-sagittal areas of the vermis 

were as defined by Hayakawa et al. in 92 patients aged newborn to 15 years (Hayakawa et 

al., 1989).

Measurement of transcriptional activity of POU4F1 p.Gln306Arg variant.

The relative transcriptional activity (Firefly luciferase/Renilla luciferase) for POU4F1 wild-

type (POU4F1-wt) and mutant (POU4F1-Q306R) was measured. Transfections were carried 

out with 60 ng of POU4F1-wt or POU4F1-Q306R, 200 ng of pGL4.23-luc2-RUNX3 or 

pGL4.23-luc2-minP (minimal promoter), and 50 ng of pRL-null using Lipofectamine3000 

(Invitrogen) in HEK293 cells grown in Dulbecco’s Modified Eagle Medium supplemented 

with 10% fetal calf serum. Cells were plated in a 24 well plate such that the cells were 

approximately 75% confluent at the time of transfection. The experiment was completed in 

triplicate, and the luciferase activities were measured 48 hours post-transfection.

Results

Clinical findings.

Proband 1 is a 3-year-old female who was diagnosed with ataxia and intention tremor by age 

2 years. She has received strabismus surgery for left eye esotropia and has been diagnosed 

with paroxysmal tonic upgaze. She has global developmental delay, and has received 

physical, occupational, and speech therapies. She walked at age 2 years. There has been no 

regression of developmental milestones. On exam, she is grossly nondysmorphic is 

hypotonic and displays ataxia.

Proband 2 is a 3-year-old male who was diagnosed with ataxia and intention tremor by age 3 

years. He has no history of strabismus. He has been diagnosed with paroxysmal tonic 

upgaze. He has global developmental delay and has received physical, occupational, and 

speech therapies. He was able to walk independently at age 3 years 1 month. There has been 

no regression of developmental milestones. On exam, he is grossly nondysmorphic and 

shows generalized mild to moderate hypotonia. He has a slight head tremor when sitting. He 

is mildly unsteady with walking and has a stiff-legged gait. Ataxia is present.
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Proband 3 is a 4-year-old male who was noted to have significant truncal hypotonia by age 4 

months. He was diagnosed with ataxia and intention tremor by age 2 years. He has a history 

of a persistent head tremor and underwent strabismus surgery left eye esotropia at 14 months 

and 39 months. He has global developmental delay and has received physical, occupational, 

and speech therapies. There has been no regression of developmental milestones. At 4 years 

of age, he is able to walk with the assistance of a gait trainer. On exam, he is grossly 

nondysmorphic, and has truncal hypotonia and ataxia.

Proband 4 is a 22-year-old female with ataxia, hypotonia, and intention tremor. Hypotonia 

was noted from birth. Ataxia was noted as her motor skills developed. Significant motor 

delays were noted from an early age, and she has received physical therapy from a young 

age. She rolled over at 18 months, sat without support at 3 years, and walked at age 8 years. 

She has a mild learning disability diagnosed in grade school. There has been no regression 

of milestones. She was diagnosed with esotropia and received corrective surgery at age 2 

years. A video from age 3 years revealed paroxysmal tonic upgaze, no longer seen in later 

years. Neuro-ophthalmologic exam at age 11 years 8 months revealed an alternating 12 

diopter esotropia with full range of eye movements. On slit lamp examination, she was noted 

to have a slow vertical-torsional nystagmus. At age 22 years, the proband’s family reports 

that they have noticed a gradual overall decrease in speech, fine motor skills, coordination, 

and ambulation in recent years. On exam at age 22 years, she was grossly nondysmorphic. 

She had decreased tone, hyporeflexia, mild end-task tremor, dysarthria, left greater than 

right dysmetria of bilateral upper and lower extremities, left greater than right 

dysdiadochokinesia, and convergence insufficiency. Eye movement range remained full. She 

was able to achieve full elevation of eyes, but spontaneous drifts of the eyes further up were 

superimposed on attempts to hold the eyes in elevated position. Saccades were fast, though 

slightly dysmetric; smooth pursuit was saccadic vertically. She had difficulty maintaining 

extreme elevation of the eyes in upgaze and convergence insufficiency. Ocular oscillations 

and palatal tremor were not present.

Each of the four probands were noted to have ataxia, hypotonia, and intention tremor (Table 

1). All had significant motor delays. Three of four probands had strabismus, and three of 

four probands had history of paroxysmal tonic upgaze.

Whole exome sequencing.

Heterozygous, de novo, loss of function variants in POU4F1 were identified in all probands 

(Table 1). Three of the four probands had frameshift variants, while one proband had a 

missense change (POU4F1 c.917A>G;p.Gln306Arg; NM_006237.3). POU4F1 is noted to 

have a high pLI score of 0.89, suggesting intolerance to haploinsufficiency. Variant 

p.Gln306Arg in POU4F1 gene is not seen in gnomAD, and it is predicted to be deleterious 

by SIFT and PolyPhen2. Glutamine at codon 306 is highly conserved through a variety of 

species from human to zebrafish. According to UniProt (www.uniprot.org), POU4F1 Gln306 

is located in a POU-specific domain that spans amino acids 261 to 338. A homology model 

of human POU4F1 is available from the Swiss Model repository, and the position of 

POU4F1 Gln306 is highlighted (Supp. Figure S1) (http://swissmodel.expasy.org).
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Review and analysis of brain MR imaging.

MR images were obtained for each proband and reviewed by an experienced pediatric 

neuroradiologist. In proband 4, serial MR scans from age 11 months to age 22 years 11 

months revealed initially progressive, symmetrical, T2-weighted hyperintensity of the 

inferior olivary nuclei, which later resolved, reminiscent of hypertrophic olivary 

degeneration (Fig. 1 A–C) (Goyal et al., 2000). The serial MR scans also documented 

progressive atrophy of the cerebellar vermis and hemispheres (Fig. 1 D–E; Fig. 2 A–D). MR 

studies were normal in Proband 1 at ages 9 months, 21 months and 43 months (the first two 

with contrast enhancement); in proband 2 at age 3 years 2 months; and in proband 3 at age 

25 weeks.

Hayakawa et al. previously found that the growth pattern of the vermis was exponential in 

healthy individuals, with a growth spurt in the first four years and attainment of adult size in 

the 6-9 year age range (Hayakawa et al., 1989). In this series of patients with pathogenic 

POU4F1 variants, Proband 1 showed a 21.2% increase in total vermian cross-sectional area 

from age 8 months to 21 months and a small additional increase to 23.4% by age 43 months 

(Supp. Table S1, Supp. Fig. S2). Proband 4 showed a 14.2% loss of the total vermian cross-

sectional area from age 11 months to age 11 years, and prominent additional loss to a total 

loss of 30.2% by age 22 years 11 months (Supp. Table S2, Supp. Fig. S3). It is noteworthy 

that in both Proband 1 and Proband 4 the changes in vermian area appear to have affected all 

lobes of the vermis equally, since the ratio of the cross-sectional area of the anterior lobe to 

the total vermis and the ratio of the anterior lobe to the posterior lobe plus nodulus remain 

nearly constant over time. Further, these same area ratios are seen in Proband 2 at age 38 

months, and Proband 3 at age 5 months. In Proband 4, the serial MRI studies also disclosed 

symmetric atrophy of the cerebellar hemispheres.

Transcriptional activity of POU4F1 Gln306Arg variant.

POU4F1 has previously been demonstrated to bind a conserved enhancer region 94 kb 

upstream of the Runx3 locus within histone H3-acetylated chromatin. This binding leads to 

increases in Runx3 in mRNA and functions to specify neuronal subtype in the trigeminal 

ganglion (Dykes, Lanier, Eng, & Turner, 2010). We demonstrate that overexpression of 

POU4F1 p.Q306R leads to stable protein in vitro (Supp. Figure S4). Additionally, POU4F1 

p.Q306R has decreased transcriptional activation of the Runx3 locus when compared to 

wild-type POU4F1 (Figure 3).

Discussion

To our knowledge, this is the first report of pathogenic variants in POU4F1 causing disease 

in humans. Pou4f1−/− mice are known to have uncoordinated movements consistent with the 

ataxia phenotype seen in this patient cohort. All four probands identified in this study had 

heterozygous, loss-of-function variants in POU4F1 and exhibited ataxia, intention tremor, 

and hypotonia.

Interestingly, three of the four probands exhibited paroxysmal tonic upgaze in early 

childhood. In the oldest proband, this resolved over time, but even at age 22 years 
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spontaneous upward drifts of the eyes still occurred when the eyes were held in an elevated 

position. Paroxymal tonic upgaze is characterized by sudden unprovoked upward deviation 

of the eyes with preserved consciousness. Episodes are typically brief and often 

accompanied by a change in head position with chin lowering. This eye movement disorder 

sometimes occurs as a transient benign phenomenon in healthy infants, but it has also been 

reported in disorders of neurotransmitter depletion and genetic disorders. It is of particular 

interest that the few gene mutations with which this finding has been associated 

(CACNA1A, GRID2, and SEPSECS) all involve proteins related to normal cerebellar 

function and ataxia typically accompanies the paroxysmal tonic upgaze, similar to the 

probands in this study (Agamy et al., 2010; Blumkin et al., 2015; Hills et al., 2013; 

Makrythanasis et al., 2014; Quade et al., 2020). The pathomechanism of this eye movement 

finding is unclear, but these genetic associations raise the possibility that it may originate 

from cerebellar dysfunction and may be related to the normal cerebellar flocculus inhibition 

of upward eye movements and firing bias towards downward eye movements that underly 

downbeat nystagmus (Baloh & Spooner, 1981; Marti, Straumann, & Glasauer, 2005; Zee, 

Yamazaki, Butler, & Gucer, 1981). Cerebellar dysfunction would lead to an up-down 

asymmetry which may facilitate the development of paroxysmal tonic upgaze; indeed, some 

individuals with paroxysmal tonic upgaze also exhibit downbeat nystagmus with attempts to 

look down during episodes.

While the phenotype of the four probands is highly consistent, the MR features of the four 

probands are variable. In proband 4, the sequence of MR findings involving the olivary 

nucleus is similar to that seen with hypertrophic olivary degeneration. Hypertrophic olivary 

degeneration is a form of denervation atrophy that typically arises when acute stroke or 

demyelination disrupts the fibers of the rubro-olivo-cerebellar circuit (triangle of Guillain 

and Mollaret). Classically, on each side, this circuit is said to extend from the red nucleus to 

the ipsilateral inferior olivary nucleus, and from there to the contralateral dentate nucleus 

before returning back through the superior cerebellar peduncle and decussation of the 

superior cerebellar peduncle to the original red nucleus to complete the triangle (Goyal et 

al., 2000). More modern explanations of hypertrophic olivary degeneration exclude the red 

nucleus from relevant circuitry (Shaikh et al., 2010).

Clinically, hypertrophic olivary degeneration is associated with oculopalatal tremor that 

manifests as pendular vertical-torsional nystagmus and rhythmic involuntary movements of 

the soft palate, uvula, pharynx, larynx, and upper extremity. In rare instances, including in 

proband 4, hypertrophic olivary degeneration and oculopalatal tremor may occur in the 

absence of an acute brainstem event and may be accompanied by progressive ataxia. Such 

progressive ataxia with palatal tremor has been reported with other genetic diseases, such as 

Alexander disease and Sandhoff disease (Pretegiani et al., 2015; Schwankhaus, Parisi, 

Gulledge, Chin, & Currier, 1995). Though proband 4 did not have notable nystagmus or any 

abnormal palatal movements on her most recent examination at age 22, she was documented 

to have had vertical-torsional nystagmus at age 11. Particularly unusual is the fact that the 

hypertrophic olivary degenerative changes on MRI improved over time. The relationship 

between the clinical and MR features will be the subject of future investigations.
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Additional probands will likely be identified in the future as whole exome sequencing is 

more widely applied. Identification of additional affected individuals will confirm causality 

of POU4F1 and enable the clinical spectrum of disease due to POU4F1 haploinsufficiency to 

be further defined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Serial MRI studies of Proband 4.
(A-C). Axial T2-Weighted (T2W) MRI sections through the caudal medulla. The inferior 

olivary nuclei show prominent symmetrical signal increase at age 11.2 months (A) and age 

11.0 years (B) that fades by age 16.4 years (C). Progressive enlargement of the cerebellar 

fissures indicates concurrent atrophy of both inferior cerebellar hemispheres. D-E. Axial 

T2W sections through the superior cerebellum at age 11.2 months (D) and 13 years (E) 

show symmetrical thin caliber of the superior cerebellar peduncles and increased size of the 

superior cerebellar fissures confirming bilateral superior cerebellar atrophy.
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Figure 2. Serial mid-sagittal T1-W MRI through the vermis of Proband 4.
(A). At age 11.2 months, the anterior lobe of the vermis is normal. (B-D). T1-WMRI at ages 

11 years (B), 13 years (C), and 22 years 11 months (D) show progressive vermian atrophy. 

See Supp. Figure S3 and Supp.Table S2.

Webb et al. Page 10

Hum Mutat. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Transactivation of POU4F1 p.Gln306Arg is reduced compared to wild-type.
The relative transcriptional activity (Firefly luciferase/Renilla luciferase) for POU4F1 wild-

type (POU4F1-wt) and mutant (POU4F1-Q306R) was measured as described. Means ± 

standard deviations are shown. Significance was determined by a two tailed student t-test, 

***p<0.005.
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