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Introduction

The enzyme ubiquitin-like modifier activating enzyme 5
(UBA5) plays an important role in the activation of ubiqui-
tin-foldmodifier 1 (UFM1) and its associated cascade.1,2UFM1

is widely expressed and known to facilitate the post-transla-
tional modification of proteins.3

While theUFM1systemhas longbeen implicated inavariety
of non-neurological pathological processes,4,5 in recent years
research established its involvement in neurodevelopmental
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Abstract The enzyme ubiquitin-likemodifier activating enzyme 5 (UBA5) plays an important role
in activating ubiquitin-fold modifier 1 (UFM1) and its associated cascade. UFM1 is
widely expressed and known to facilitate the post-translational modification of
proteins. Variants in UBA5 and UFM1 are involved in neurodevelopmental disorders
with early-onset epileptic encephalopathy as a frequently seen disease manifestation.
Using whole exome sequencing, we detected a homozygous UBA5 variant (c.895C> T
p. [Pro299Ser]) in a patient with severe global developmental delay and epilepsy, the
latter from the age of 4 years. Magnetic resonance imaging showed hypomyelination
with atrophy and T2 hyperintensity of the thalamus. Histology of the sural nerve
showed axonal neuropathy with decreased myelin. Functional analyses confirmed the
effect of the Pro299Ser variant on UBA5 protein function, showing 58% residual protein
activity. Our findings indicate that the epilepsy currently associated with UBA5 variants
may present later in life than previously thought, and that radiological signs include
hypomyelination and thalamic involvement. The data also reinforce recently reported
associations between UBA5 variants and peripheral neuropathy.
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disorders.6–15 Biallelic variants in UBA5 or UFM1 have been
described in cases with encephalopathy, intellectual disability,
movement disorders, epilepsy, and neuropathy. Neuroimaging
findings in these cases are variable and mostly consist of
cerebral and cerebellar atrophy.6–14 Delayed myelination,
thalamic involvement and (only for UFM1 variations) hypo-
myelination have also been reported.8,13,15 Due to the small
number of published cases and the variability of their pheno-
types, defining clinical and neuroimaging characteristics
remains challenging.

Patient and Methods

Clinical Presentation
This female patient, now 12 years old, is the first child of
nonconsanguineous parents. There was no family history of
neurological disorders. Because of preeclampsia, delivery
was induced at 38 weeks’ gestational age. Birth weight was
2,710 g. The patient was admitted to hospital for 10 days due
to hypoglycemia, feeding problems, and hyperexcitability. At
age 3 months, persistent general muscular hypertonia and
opisthotonus were noted. At 5 months, development was
delayed, with absent visual contact, axial hypotonia with
impaired head control and elevated tone of her legs. Feeding
was difficult due to slowand uncoordinated sucking. Electro-
encephalogram, ophthalmologic evaluation, and visual
evoked potentials were normal, as well as extensive meta-
bolic investigations. Repeat EEG at 12 months showed nor-
mal background activity with interspersed theta activity and
a superimposed β rhythm particularly over the right hemi-
sphere. Brain MRI at multiple time points showed myelin
deficit (►Fig. 1). At 2.5 years of age, axial hypotonia was still
prominent. The child had not achieved head control or visual
fixation and showed only sparse spontaneous movements
(e.g., adduction, endorotation, and some elevation of her
arms when coughing) with areflexia. There were no inten-
tional movements. She had contractures of the distal
extremities. There was no language development. Head
circumference was normal, growth was severely delayed
(�3 to �4 SD). Assessment of motor nerve electrophysiolog-
ical parameters, also at 2.5 years of age, showedmild changes
of the median and peroneal nerves, with low (0.4mV) or
absent (peroneal nerve) compound muscle action potentials
andmildly decreased nerve conduction velocities (37m/s for
the median nerve), compatible with axonal polyneuropathy.
Sensory nerve function (median and sural nerves) was
normal. There was mild polyphasia at needle electromyog-
raphy. At nearly 3 years of age, gastrostomy was performed
due to feeding problems. At 4 years, the patient was admitted
to hospital with status epilepticus and developed intractable
epilepsy. An electroencephalogram showed no differentia-
tion or normal background pattern, and high voltage multi-
focal epileptic discharges. She still has daily seizures which
primarily manifest as spasms in all extremities, unilateral
head turning, teeth grinding, and eye fluttering. She is
currently treated with a combination of levetiracetam and
clonazepam, which reduced seizure frequency and duration.
She has developed scoliosis; neurological examination was

otherwise stable, and no newmilestones were reached. This
retrospective studywas approved by the institutional review
board of VUMC, and parents gave appropriate written
consent.

Genetic Testing
Clinical trio whole exome sequencing (WES) was performed
as previously described.16 The WES data were first analyzed
for known leukodystrophy genes.

Functional Data
UBA5functionwasassessedbyatime-dependent thioesterand
trans-thioester formation assays as previously described.3,12

Briefly, the p.Pro299Ser variant was generated by polymerase
chain reaction-based site-directedmutagenesis (Agilent, Santa
Clara, California, United States). The recombinant proteins
UFM1, UBA5, or UBA5 variant were N-terminally tagged with
glutathione S-transferase by cloning the genes into the pGEX
4T-2 vector (GE Healthcare Life Sciences, United States). The
His-tag was introduced at the N-terminus of UFC1 using
the pJC40 vector.17 Following recombinant expression in
Escherichia coli BL21 gold (Agilent) and purification via gluta-
thione sepharose (Sigma-Aldrich, Taufkirchen, Germany) or
nickel-charged affinity resin (Bio-Rad, Feldkirchen, Germany)
respectively, time-dependent thioester or trans-thioester
formation assays were performed. Thioester and trans-thio-
ester formationwere assessed after 0, 2, and 20minutes and 0,
3, and30minutes, respectively. Three independent assayswere
performed, and the signals of the conjugateswere quantified in
relation to theUBA5wild-type signal on the sameblot by using
ImageJ. Statistical analysis was performed by using a Student’s
t-test.

Histopathology
Samples were acquired through open sural nerve biopsy at
age 2 years 10 months. CD68, PLP (myelin proteolipid pro-
tein), hematoxylin and eosin (HE), neurofilament (medium
and heavy molecular weight, NE14), and Kluver–Barrera
stains were performed by using standard protocols.

Results

Genetic Testing
Using WES, a homozygous variant in UBA5, NM_024818.4:
c.895C> T p.(Pro299Ser) (►Fig. 2D) was detected in the
patient. Both parents were heterozygous carriers. Frequency
of this variant in healthy controls of gnomAD v2.1.1 (https://
gnomad.broadinstitute.org/) is low:6alleles (heterozygous)out
of 282508. The variant c.895C> T p. (Pro299Ser) classified as
likely pathogenic (PS3, PM1, and PM2) according to the
American College of Medical Genetics criteria (see InterVar
Web Resources).18

Functional Data
The Pro299Ser variant showed a significantly delayed activity
after 2minutes of incubation (►Fig. 2A), with 58% of remain-
ing thiolation activity compared with the wild-type UBA5
protein (p<0.05, t-test; ►Fig. 2C). We then investigated
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whether theUBA5 variant affects theUFM1 conjugation activ-
ity toUFC1 (►Fig. 2B). After 3minutes, thep.Pro299Ser variant
conjugate band reached a mean relative density of 54%
(p<0.01, t-test) (►Fig. 2C) and therefore had a significantly
delayed conjugation activity compared with the wild-type
UBA5. Modelling of p.Pro299Ser depicts its location right at
the interface with UFM1 (►Fig. 2D).

Histopathology
Neurofilament and HE stain showed thickened, thinned, and
degenerated axons with mild activity in the NF and NE14
stains (►Fig. 3A, C, D, F, and G). Kluver–Barrera stain showed
interrupted and decreased myelin presence (►Fig. 3B and E).
CD68 stain revealed scattered macrophages in and around
nerve cells. Electron microscopy analyzing myelin fiber

Fig. 1 Brain MRI findings at 1, 2 and 4 years of age. Scans at age 19months (top row) from left to right: One T2 weighted sagittal image and three
T2 weighted axial images. MRIs at age 2.5 and 4 years (middle and bottom row, respectively) each from left to right: One T1 weighted sagittal
image and three T2 weighted axial images. The MRI at 19 months shows a diffuse hyperintense T2 signal in the cerebral white matter, indicating
significant lack of myelin. Hyperintense T2 signals are also seen in the lateral part of the thalami (arrowhead). Thalamic volume is reduced.
Volume and signal of the basal ganglia are normal. There is cerebellar atrophy. At age 2.5 years, MRI shows a stable T2 hyperintense white matter
signal. The thalami are slightly smaller than on the previous MRI. At age 4 years, MRI shows pronounced cerebral atrophy. Signal of the left
occipital cortex is elevated. White matter hyperintense T2 signal is stable.
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cross-sections revealed disproportionally thin (compared
with the axonal diameter) and split myelin sheaths, as well
as myelin figure debris between the sheath layers.

Discussion

In this report, we describe a female patient with a homozy-
gous UBA5 variant with severe global developmental delay,
prominent peripheral neuropathy, and epilepsy from age
4 years. Brain magnetic resonance imaging (MRI) showed
severe myelin deficit without significant cerebral atrophy in
the first 2.5 years, followed by global atrophy. In addition,
there was prominent thalamic involvement with a T2 hyper-
intense stripe and decreased volume of the thalamus.

When we identified the homozygous UBA5 variant in our
patient, there was only one report on a sib pair with a much
milder clinical presentation including progressive ataxia and
cerebellar atrophywhowere found to carry two biallelicUBA5
variants, one of which a nonsense mutation.10 We therefore
interpreted the missense variant found in the current case as
probably not disease causing, as our patient presented with a
clinically severe phenotype. WhenWES at another institution
did not lead to a diagnosis, we reevaluated our own data. As
UBA5 variants were by then described in other patients with

severe early onset encephalopathy, we considered the variant
found in our patient as possibly disease causing. In vitro
studies could confirm its functional consequences by demon-
strating impaired UFM1 conjugation.

What can we learn from this case? Perhaps the most
important lesson is to reconsider resultswhich seemnotfitting
or unexplainable at the time. New insights may lead to revised
interpretation of genetic variants or MRI findings.19,20

The second lesson is that clinical presentations may greatly
vary in severity, whichmakes careful descriptions of neurolog-
ical findings and imaging abnormalities essential to under-
stand the full scope of possible manifestations and also to
facilitatediagnosis innewpotential cases.This isespecially true
(and challenging) for (ultra)rare disorders where few patients
are scattered among different centers.

Brain MRI findings in UBA5-related cases are variable and
may even be normal in infancy. Themost frequently described
neuroimaging signs so far were cerebral and/or cerebellar
atrophy.6–13 Delayed myelination was also seen in several
cases,8,13allyounger than7months,withthemajorityshowing
only mildly delayed myelination. All published MR imaging
data of older patients (n¼13) do not show this sign.6–13 This
contrastswith the severemyelin deficit classified as hypomye-
lination in our patient. In one respective case each, thalamic

Fig. 2 In vitro activity assays of the UBA5 variant p.Pro299Ser. UFM1, UBA5, and the UBA5 variant were fused to a GST-tag and UFC1 to a His-tag.
Following expression, the purified proteins were used for a thioester and a trans-thioester formation assay. (A) Time-dependent UFM1 activation
assay. Wild-type and the p.Pro299Ser variant were analyzed in a time-dependent (0, 2, and 20minutes) in vitro thioester formation assay.
Samples were subjected to SDS-PAGE and analyzed by immunoblot stain using anti-UFM1. While the assay with wild-type UBA5 resulted in a
stronger band during the first 2minutes, the variant showed a delayed activity after 2minutes, however, was comparable to wild-type after
20minutes. The box highlights the UBA5-UFM1 intermediates. (B) Time-dependent UFM1 conjugation assay. WT and p.Pro299Ser variant were
analyzed in a time-dependent (0, 3, and 30minutes) trans-thioester formation assay with UFM1 and UFC1. Sample reactions were subjected to
SDS-PAGE and analyzed by immunoblotting using anti-UFC1. Wild-type UBA5 was able to conjugate UFM1 to UFC1 within the first 3minutes and
the amount of conjugates did not increase significantly after 30minutes. The UBA5 variant p.Pro299Ser displayed a significantly reduced density
of the UFM1/UFC1 conjugate band after 3minutes, while no difference was observed after 30minutes. The box highlights the UFC1-UFM1
intermediates. (C) The mean relative density of the 2minutes (Thioester) and 3minutes (trans-thioester) bands of the Pro299Ser variant when
compared with the corresponding bands of the wild-type UBA5 protein. Three independent experiments were used for quantification and
statistical analyses (�p< 0.05, ��p< 0.01). (D) A 3D-mapping of the p.Pro299Ser. variant. The UBA5 dimer is visualized as the blue shaded
structure. UFM1 is shown as the light brown structure. The p.Pro299Ser. variant is represented by the orange cluster at the interface between
UBA5 and UFM1. The model was mapped by using Pymol (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC.).
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Fig. 3 Sural nerve histopathology. Tissue was obtained at age 2 years 10 months. (A) hematoxylin and eosin stain shows a longitudinally cut
nerve segment with variability of axonal thickness and myelin pallor. (B, E) Kluver periodic acid Schiff for myelin shows global paucity of myelin
(longitudinal and cross sections). (C, D, F, G) Stains against the phosphorylated (NF) and nonphosphorylated neurofilaments (NE14) confirms
segmental variability of axonal thickness resembling in places axonal spheroids. (H–J) Electronic microscopy images show thin and split myelin
sheaths, with myelin figure debris between the sheath layers. Magnifications 1,900, 9,300, and 30,000, respectively; all images at 120 kV.
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atrophy and T2 hyperintensity were present.13 Interestingly, a
promotor variant in UFM1 has previously been described to
lead to hypomyelination and basal ganglia involvement.15

UBA5 and UFM1 closely interact,1,2 and the findings reported
here support their importance for normal myelination.

Histopathologicalfindings confirmed axonal neuropathy in
the sural nerve. This substantiates that peripheral neuropathy
ispartof theUBA5associated spectrum,and thismanifestation
should be actively investigated also in young, severely affected
children.7 The paucity of myelin in the sural nerve highlights
the potential importance of UBA5 for myelination. Whether
the underlying pathological process consists of primary
hypomyelination or a lack of myelin secondary to severe
neuroaxonal damage is difficult to ascertain. Axonal damage
can lead to a lack of myelin and vice versa.21 The severe early
encephalopathy in patients with UBA5 variants and also
epilepsy as one of the prominent symptoms in most patients
argues for a primarily neuronal involvement with secondary
hypomyelination, as is the case for UFM1-associated disease.
Why some variants clearly do impair myelination and others
apparently not is not fully understood.

Our analyses confirmed functional effects of the
Pro299Ser variant. It was previously noted that clinical
severity of UBA5-associated disorders might correlate with
residual UBA5 activity.8 Cases with null alleles or a missense
variant with strongly abolished protein function had early
onset refractory epileptic encephalopathy, while some cases
with higher residual protein activity presented with devel-
opmental delay but no epilepsy.8,12 In our case, the relatively
high residual UBA5 activity might explain the late onset of
epilepsy, but contrasts with the severe neurological presen-
tation from early infancy.

In conclusion, UBA5-associated disorders may lead to
(secondary) brain hypomyelination and characteristic
thalamic involvement and prominent peripheral neuropa-
thy, in addition to severe developmental delay and epilepsy.
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