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Supplementary Methods 

Proteome and Phosphoproteome data analysis 
Raw data processing and normalisation: Data searching, cleaning and normalisation was performed as 

described (1). MaxQuant v2.6.3.0 (2) was used for searching, including phosphorylation (on 

Ser/Thr/Tyr) as a variable modification. The Homo sapiens reference proteome (downloaded on 

24/02/2025) was used for analysis and included canonical and isoform sequences with 83,385 entries 

and 20,644 genes. Protein reporter intensity corrected values and peptide reporter intensity corrected 

values from MaxQuant were imported into R (v4.3.3) for downstream analysis for proteome and 

phosphoproteome, respectively.  

For proteome analysis, proteins identified by only modified peptides, reverse peptides or potential 

contaminant peptides were removed. Proteins were filtered for any row containing >0 missing values. 

If duplicated gene symbols existed, a single UniprotKB protein accession was kept based on the highest 

protein evidence, reviewed status, canonical status and then the lowest isoform number. For 

phosphoproteome analysis, peptides with no phosphosites, reverse peptides or potential contaminant 

peptides and peptides with phosphosite probabilities <0.75 were discarded from analysis. For 

multimapped phosphopeptides, a single UniprotKB protein accession was kept based on the best 

protein. Peptides with the same UniprotKB protein accessions and phosphosite locations were summed 

to phosphosites for further analysis. Phosphosites were filtered for any row containing >0 missing 

values. 

Proteomic and phosphoproteomics intensities were log2-transformed and Variance Stabilizing 

Normalisation (VSN) applied using the vsn R package (v3.74.0) (3). An ANOVA model was used to 

identify 500 negative control genes (adjusted p-value ≥ 0.5 and ≥ 0.25 for proteome and 

phosphoproteome, respectively). These genes were used for RUVIII unwanted variation removal, 

adjusting for desired component number (k = 4, k = 2, k = 4 for ‘Proteomics Dataset 1’, ‘Proteomics 

Dataset 2’ and Phosphoproteomics, respectively) using the ruv package (v0.9.7.1) (4, 5). Following data 

cleaning, among the accepted proteins (7110), 10.52% (748) had 1 unique peptide and 89.48% (6,362) 

had more than 2 unique peptides.  

Differential protein and phospho-site abundance analysis: Differential protein and phospho-site 

abundance was assessed using the limma R package. The log2-transformed proteomic intensities were 

fitted to a linear model, with empirical Bayes moderation to shrink variance estimates across proteins. 

Adjusted p-values were computed using the Benjamini–Hochberg procedure to control the false 

discovery rate (FDR) (6, 7). Significant differentially expressed proteins were defined as those with q-

values < 0.05 and absolute log2-fold changes (|log2FC|) > 0.5.  



Pathway analysis: Pathway enrichment analysis was performed using Metascape 

(http://metascape.org/)(8). Multimapped peptides within gene sets were separated into individual 

proteins. Enriched Gene Ontology (GO) terms (Biological Processes, Molecular Function, Cellular 

Compartment), KEGG Pathway, and Reactome pathways were identified using default analysis settings 

(Min overlap: 3, p-value cutoff: 0.01, Min enrichment: 1.5), with background genes set to all H. sapiens 

genes. The output was manually curated to discount pathways supported by <3 uniquely mapped 

proteins and FDR > 0.05 from the inbuilt Benjamini-Hochberg adjustment. Pathways were ranked by 

p-value, and up to 20 top “summary” and 30 top “member” terms were visualised. 

Phosphoproteomic Kinase Activity Analysis: Differentially expressed phospho-sites linear model results 

was used to identify changes in kinase activity using the KinSwingR package (v1.20.0). 

PhosphoSitePlus database was used to identify kinase substrates, while the UniProtKB database 

allowed for the classification of each kinase into their respective kinase family group. Significant kinase 

activity changes were defined as those with probability score < 0.05. 
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Supplementary Figures and Tables 

 

 

Fig. S1 CDK5RAP3 transcript expression – long read data 

The Genotype-Tissue Expression (GTEx) Project V9 long read transcriptomics data (9) was 
used to interrogate tissue specific expression of three CDK5RAP3 transcripts, canonical 
(NM_176096.3) and two alternative transcripts (NM_001278216.2, NM_001278216.2), in a 
select set of tissues. Alternative transcripts are particularly highly expressed in the cerebellar 
hemisphere and lung. The data used for this analysis was obtained from the GTEx Portal 
(phs000424.v9) on 30th May 2022. The Genotype-Tissue Expression (GTEx) Project was 
supported by the Common Fund of the Office of the Director of the National Institutes of 
Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH, and NINDS.  



 
Fig. S2 qPCR confirms a reduction of all CDK5RAP3 transcripts 
(a) Schematic illustrating qPCR assays specifically targeting various CDK5RAP3 transcripts: 
Green box – all transcripts (forward and reverse primer in exon 4 and 5, respectively), yellow 
box – intron 5 retention transcripts (forward and reverse primer in exon 4 and intron 5, 
respectively), and blue box - canonically spliced transcripts (forward and reverse primer in 
exon 4 and at exon 5/6 junction, respectively). qPCR results of (b) amniocytes and (c) skeletal 
muscle tissue showing a reduction in AII-1 and AII-3 compared to control in canonical (blue), 
intron 5 retention (yellow) and all transcripts (green). CHX treatment was used to inhibit 
nonsense mediated decay in amniocytes. When normalising canonical and intron 5 retention 
transcript to all transcripts we observed a relative overrepresentation of intron 5 retention 
transcript in AII-3 amniocytes (b). Note that due to small amount of muscle tissue, we were 
unable to perform qPCR shown in (c) in triplicates and these results should be interpreted with 
caution. *p > 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Šídák's 
multiple comparisons test. 



 
Fig. S3 Multiple sequence alignment of putative CDK5RAP3 isoforms and antibody 
validation 
(a) Multiple sequence alignment created by CLUSTAL Omega (Version 1.2.4) of putative 
polypeptides translated from Open Reading Frames (ORF) present in CDK5RAP3 transcripts. 
Canonical wild-type CDK5RAP3 transcript NM_176096.3 encodes NP_788276.1 (56.93KD, 
grey highlight). NM_176096.3:c.334+243G>A induced PE inclusion between exon 5 and 6 is 
predicted to result in ORF1 and ORF2 (red highlight). A mis-spliced version of alternative 
CDK5RAP3 transcript, NM_001278216.2, retaining part of intron 5 and all of intron 7, was 
also detected in AII-1 and AII-3. This transcript could give rise to an annotated short 
CDK5RAP3 protein isoform (31.21kD, NP_001265145.1, purple highlight) with a coding 
sequence unaffected by NM_176096.3:c.334+243G>A. A second alternative transcript, 
NM_001278217.2, which is identical to NM_001278216.2 except that it does not retain intron 
7, encodes the putative protein NP_001265146.1 (46.36kD, yellow highlight) with a unique N-
terminal sequence (orange text). (b) Western blot of CDK5RAP3 knock-out cell lines 
transfected with FLAG-CDK5RAP3 wild-type (NP_788276.1, blue arrow), FLAG-ORF3 
(NP_001265146.1, yellow arrow) and putative FLAG-ORF1 and FLAG-ORF2 resulting from 
PE inclusion (red arrow). Successful transfection was confirmed by probing with a FLAG-
Antibody (top blot). Antibody PA5-89007 (raised against CDK5RAP3 amino acid 1-300, green 



highlight) appears to detect ORF2 and ORF3 with reduced affinity compared to wild-type 
(middle blot). HPA022141 (raised against a C-terminal CDK5RAP3 peptide, blue highlight) 
detected wild type, ORF2 and 3 with similar affinity (bottom blot). PA5-89007 also detected 
the short N-terminal ORF1 while HPA022141 did not, confirming HP022141 binding a C-
terminal CDK5RAP3 epitope.  
 
 
 
 
  



 

 

Fig. S4 Developmental expression of CDK5RAP3 in skeletal muscle 

Western blot analysis of CDK5RAP3 (HPA022141) in skeletal muscle from individuals age 
13/40 weeks gestation to 31 years. CDK5RAP3 is expressed throughout life expression appears 
higher in <8m compared to two adult controls. A second band is observed in samples <19/40 
weeks gestation which may represent a protein product arising from alternative isoforms.  

 

 

 

 

 

 

 

 

 

 



 

Fig. S5 Proteomics comparing affected sibling AII-3 and healthy primary control 
amniocytes (C4) 



(a) Volcano plot with top 20 up- and downregulated proteins labelled. (b) Heat map showing 
the z-scores of UFMylation machinery and substrates. Metascape summary terms of top 20 (c) 
downregulated pathways and (d) upregulated pathways. 

 

  



 

 

Fig. S6: UFL1, UBA5 and UFM1 expression in skeletal muscle 

Western blot analysis of UFMylation pathway proteins UFL1, UBA5, UFM1 in skeletal muscle 
from affected siblings of Family A (AII-1, AII-3) and age matched controls. UFL1 expression 
was found to be similar to controls and UBA5 appears to be increased in affected siblings. 
UFM1 is not highly expressed in skeletal muscle but expression is comparable between 
affected siblings and controls. Bands of UFM1 conjugated proteins are not observed in skeletal 
muscle samples included here.  

 

  



 

 

Fig. S7 Principal Components Analysis of proteomics and phosphoproteomics data 

Principle Component Analysis following unwanted variant removal of (a) Proteomics and (b) 
Phosphoproteomics datasets showing clustering of control (C4) and AII-3 amniocytes treated 
with CDK5RAP3 targeting ASO (ASO-T) and scrambled ASO (ASO-S).  

  



 

 

Fig. S8 Volcano plot of differential protein abundance between AII-3 and C4 scrambled 
ASO-treated amniocytes 

With labels showing proteins up- and down-regulated by ASO-mediated CDK5RAP3 
restoration (based on the comparison between AII-3 and C4 derived amniocytes treated with 
CDK5RAP3-targeting ASO-T; blue: significantly downregulated, red: significantly 
upregulated, grey: not significant) 

 

 



 

Fig. S9 KEGG/ GO terms from phosphoproteomics pathway analysis 

Pathway enrichment analysis of the phosphoproteome ‘ASO-T Rescue Set’ revealed 
enrichment of 215 upregulated and 236 downregulated Reactome/KEGG/GO pathways  



*Full GO term: Cell adhesive protein binding involved in bundle of His cell−Purkinje myocyte 
communication (truncated on figure for space consideration).  



Table S1 Previously published cases with genetic disorders due to genetic variants in UFMylation pathway genes 
 
UFSP2 cases 
Year Publication Mutation info Disorder Inheritanc

e 
Gene 

2015 (10) NM_018359.5:c.868T>C (p.Tyr290His) 17 affected members of a family. 

Beukes hip dysplasia. 

Dominant 

Heterozygo
us 

UFSP2 

2018 (11) NM_018359.5:c.1277A>C 
(p.Asp426Ala) 

3 affected members of a family. 

Beukes hip dysplasia; progressive epiphyseal dysplasia; 
short stature, joint pain, genu vara and a novel 
spondyloepimetaphyseal dysplasia involving epiphyses 
predominantly at hips, but also at knees, ankles, wrists 
and hands, associated with variable degrees of 
metaphysis and spine involvement.  

Dominant 

Heterozygo
us 

UFSP2 

2020 (12) NM_018359.5:c.1283A>G (p.His428Arg) One affected individual. 

Spondyloepimetaphyseal dysplasia (SEMD) 
manifested as: short stature, anterior vertebral dysplasia, 
hip dysplasia, flat vertebra, spinal metaphyseal dysplasia, 
irregular acetabular apex, distal femoral metaphyseal 
dysplasia, proximal tibial metaphyseal dysplasia, 
osteoarthritis.  

Dominant 

Heterozygo
us 

De novo 

UFSP2 

2021 (13) NM_018359.5:c.344T>A (p.Val115Glu) 8 affected children from 4 families. 

Neurodevelopmental delay and epilepsy. 

Recessive UFSP2 



2023 (14) NM_018359.5:c.344T>A (p.Val115Glu) 2 affected siblings. 

West syndrome/infantile spasm syndrome, a type of 
early epileptic encephalopathy. Characterised by early 
onset drug-resistant seizures with persistent EEG 
abnormalities and cognitive deficits.  

Recessive UFSP2 

2023 (15) NM_018359.3:c.905G>C (p.Cys302Ser)  1 affected individual. 

Spondyloepimetaphyseal dysplasia (SEMD) 
presenting with disproportionate short stature, genu 
varum, gait instability, epiphyseal and metaphyseal 
alterations, bell-shaped thorax, lumbar hyperlordosis, 
muscular hypotonia, and coxa vara.  

Dominant 

Heterozygo
us 

De novo 

UFSP2 

  
UBA5 cases 

        

Year Publication Mutation info Disorder Inheritanc
e 

Gene 

2016 

 

(16) NM_024818.6:c.1111G>A (p.Ala371Thr) 
(allele frequency of 0.28% in Europeans) 

With a nonsense variant  

or  

NM_024818.6:c.164G>A (p.Arg55His) 
(splice altering - exon 2 skipping) 

9 affected individuals from 5 families. 

Early infantile-onset encephalopathy. Presenting in 
infancy with irritability followed by dystonia and 
stagnation of development. Epileptic seizures, 
intellectual deficits, progressive microcephaly, growth 
failure, truncal hypotonia, spasticity. 

Recessive 

Compound 
heterozygo
us 

UBA5 



2016 

 

(17) Family A:  
NM_024818.6:c.904C>T (p.Gln302Ter), 
  NM_024818.6:c.1111G>A 
(p.Ala371Thr) 

Family B: NM_024818.6:c.1111G>A 
(p.Ala371Thr), 
NM_024818.6:c.971_972insC 
(p.Lys324fs) 

Family C:  
NM_024818.6:c.778G>A (p.Val260Met), 
NM_024818.6:c.1165G>T (p.Asp389Tyr) 

Family D: NM_024818.6:c.169A>G 
(p.Met57Val), NM_024818.6:c.503G>A 
(p.Gly168Glu) 

5 affected children from 4 unrelated families. 

Early-onset severe neurological disorder featuring 
severe intellectual deficiency, microcephaly (5/5), 
movement disorder (3/5), early onset intractable epilepsy 
(3/5). Brain MRI showing thin corpus callosum (3/5), 
cerebellar atrophy (2/5) 

Recessive 

Compound 
heterozygo
us 

UBA5 

2016  

 

(18) NM_024818.6:c.736C>T (p.Arg246Ter), 
NM_024818.6:c.928A> G (p.Lys310Glu) 

2 affected siblings. 

Progressive cerebellar ataxia featuring gait and limb 
ataxia, speech difficulties, cerebellar atrophy, cataracts; 
marked cerebellar atrophy and loss of ambulance in one 
affected individual, mild ataxia and an associated 
demyelinating peripheral neuropathy in the other. Both 
patients reached adulthood. Neither had cognitive 
impairment.  

Recessive 

Compound 
heterozygo
us 

UBA5 



2017 (19) Paternal: NM_024818.6c.684G>A 
(p.Ala228=) predicted to disrupt exon 7 
splice site, resulting in loss-of-function.  
Maternal: NM_024818.6:c.1111G>A 
(p.Ala371Thr) 

2 affected siblings. 

Early-onset epileptic encephalopathy: infantile spasms 
from 6 months of age, progressing to recurrent, 
treatment-resistant seizures. First symptoms at 3 months 
of age (failure to thrive, decline in motor skills such as 
tracking and head support). Severe intellectual disability 
with seizures and dystonic cerebral palsy. 

Recessive 

Compound 
heterozygo
us  

UBA5 

2018 (20) NM_024818.6:c.158A>T (p.Tyr53Phe) One affected individual. 

Early myoclonic epilepsy (EME)/Aicardi syndrome: 
severe global hypotonia, epileptic manifestation from 3 
hours after birth (clonic movements of the upper limbs). 
No MRI or metabolic abnormalities. The affected 
individual died at day 16 after cardiac arrest due to 
respiratory failure from status epilepticus. 

Recessive 

Homozygo
us 

UBA5 

2018 (21) NM_024818.6:c.214C>T (p.Arg72Cys) 

Microdeletion of ~3.2 Mb within the 
3q22.1 region encompassing UBA5 
(Chr3:129762317-132948291) 

One affected individual. 

Intractable West syndrome, profound failure to thrive, 
and severe cerebral and cerebellar atrophy. The affected 
individual presented with epileptic spasms and 
hypsarrhythmia at 3 months. MRI findings were initially 
normal but subsequently showed a progression of 
cerebellar and cerebral atrophy. No achievement of any 
developmental milestones by 7 years, daily epileptic 
spasms and tonic seizures and profound failure to thrive. 

Recessive 

Compound 
heterozygo
us 

UBA5 

2018 (22) NM_024818.6:c.1214A>T (p.Ter405Leu), 
NM_024818.6:c.1111G>A (p.Ala371Thr) 

3 affected individuals of a family. 

Progressive encephalopathy, hypsarrhythmia and 
optic atrophy (PEHO)-like syndrome: truncal 

Recessive UBA5 



hypotonia, spasticity, infantile spasms and epileptic 
seizures, secondary microcephaly, brain MRI showed 
mild cerebral or cerebellar atrophy, all but one had 
severe developmental delay.  

Compound 
heterozygo
us 

2019 (23) De novo 597 kb deletion on 3q22.1 
described as: arr[GRCh37]3q22.1 
(131,875,931_132,472,766) ×1 dn which 
includes the whole UBA5 gene, 

NM_024818.6:c.1166A>G 
(p.Asp389Gly) 

One affected individual. 

Early onset epileptic encephalopathy featuring 
significant developmental delays in all areas, infantile 
spasms and hypsarrhythmia starting at 4 months, 
epileptic spasms, tonic seizures and possible myoclonic 
seizures, acquired microcephaly, dyskinetic movement 
disorder. Head control not achieved at age 3.5 years. 
Brain MRI showed non-progressive lack of volume 
within the cerebellum with delayed myelination pattern.  

Recessive 

Compound 
heterozygo
us 

UBA5 

2020 (24) NM_024818.6:c.31C>T (p.Arg11Trp)  Severe congenital neuropathy causing early death in 
infancy (respiratory failure 19 days to 16 weeks). 
Irritability, severe weakness including facial weakness, 
hypotonia, poor feeding, motor delay. Reduced foetal 
movement. Foot and ankle deformities and contractures 
from birth. Some antigravity movements initially but 
progressive weakness. Brain/spine MRI and EEG were 
normal. Nerve conduction studies were abnormal. 

Recessive 

Homozygo
us 

UBA5 

2020 (25) NM_024818.6:c.160dupA 
(p.Ser54LysfsTer16), 

NM_024818.6:c.215G>A (p.Arg72His) 

One affected individual. 

Epileptic encephalopathy, early infantile 

Recessive 

Compound 
heterozygo
us 

UBA5 



2021 (26) All have the recurrent mild 
NM_024818.6:c.1111G>A (p.Ala371Thr) 
variant in trans with a second UBA5 
variant: 

  

- 1 has the previously described 
NM_024818.6:c.562C>T (p.Arg188Ter)  

  

- 2 unrelated have a novel variant 
NM_024818.6:c.907T>C (p.Cys303Arg) 

  

- two siblings have a novel variant 
NM_024818.6:c.761T>C (p.Leu254Pro) 

5 affected individuals from 4 families. 

Early infantile epileptic encephalopathy featuring 
global developmental delay, epilepsy, axial hypotonia, 
appendicular hypertonia. 

P1: global developmental delay, cortical visual 
impairment, seizures, axial hypotonia, appendicular 
hypertonia and dystonia, and failure to thrive. Seizures 
from 6 years (drug resistant). Brain MRI normal at 5 
months but posterior thinning of corpus callosum at 22 
months, patchy T2 signal prolongation in the white 
matter, and incompletely rotated hippocampi. 

P2: severe global developmental delay, failure to thrive, 
mild microcephaly, axial hypotonia, appendicular 
hypertonia and spasticity, and a movement disorder 
consisting of severe dystonia and mild chorea. Seizures 
from 5 years. 

P3: global developmental delay, intellectual disability, 
epilepsy, axial hypotonia, appendicular hypertonia, 
ataxia, strabismus, failure to thrive, and microcephaly. 
Seizures from 4 years. Brain MRI normal at 3 and 8 
years, microcephaly and decreased frontal white matter 
parenchymal volume at 15 years. 

P4: global developmental delay, intellectual disability, 
drug-resistant multifocal and generalized epilepsy, 
hypotonia, mild spasticity, dystonia, failure to thrive, 
microcephaly, astigmatism, and myopia. Infantile spasms 

Recessive 

Compound 
heterozygo
us 

UBA5 



were first noted at 7 months. Non-ambulatory and 
nonverbal. Brain MRI at 12 years was normal.  

P5: global developmental delay, intellectual disability, 
seizures, hypotonia, spasticity, dystonia, nonepileptic 
myoclonus, mild microcephaly, and cortical visual 
impairment. Two brain MRIs, the most recent at 6 years, 
were reportedly normal.  

2021 (27) NM_024818.6:c.895C>T (p.Pro299Ser) One affected individual. 

Severe global developmental delay and epilepsy 

Recessive 

Homozygo
us 

UBA5 

2023 (28) NM_024818.6:c.1111G>A(p.Ala371Thr) 

NM_024818.6:c.110C>T (p.Thr37Ile) 

One affected individual. 

Developmental epileptic encephalopathy with 
intellectual disability (non-verbal), status dystonicus, 
axial hypotonia, spastic tetraparesis, mild generalized 
dystonia, dysphagia. 

Recessive 

Compound 
heterozygo
us 

UBA5 

2025 (29) NM_024818.6:c.1111G>A (p.Ala371Thr) 
with 

Individual 1: 

NM_024818.6:c.367_368insGA 
(p.Ala123fs) 

2 affected individuals from different families. 

Developmental epileptic encephalopathy featuring 
intractable epilepsy, severe developmental delay, 
spasticity, cortical visual impairment 

P1: Early delays with feeding difficulties shortly after 
birth, poor head control, hypotonia, and decreased 

Recessive 

Compound 
heterozygo
us 

UBA5 



Individual 2:  

NM_024818.6:c.799C>T (p.Gln267Ter) 

  

  

engagement in the first few months after birth. 
Developed refractory seizures at 3 months.  MRI showed 
a thin corpus callosum and delayed myelination. He 
makes sounds but is nonverbal; he uses eye gaze for 
“yes” and “no” communication. He is nonambulatory but 
uses a stander with assistance 

P2: Developed infantile spasms at 4 months. Later 
developed refractory tonic seizures, myoclonic jerks, and 
atypical absence seizures. MRI showed thinning of the 
corpus callosum and slowly progressive cerebral volume 
loss. Microcephaly, with head circumference below the 
third percentile since at least 6 months old. She has 
minimal interaction; is nonverbal; and is unable to sit, 
stand, or walk independently. 

UFM1 cases 
        

Year Publication Mutation info Disorder Inheritanc
e 

Gene 

2017 (30) NM_016617.4:c.-155_-153delTCA 

Deletion in the promoter region  

16 affected individuals with founder mutation.  

Leukodystrophy featuring hypomyelination with 
atrophy of the basal ganglia and cerebellum. Severe 
developmental delay, typically without intentional 
movements and language development, microcephaly, 
spasticity and extrapyramidal movement abnormalities, 
severe and drug-resistant epilepsy. Median age of onset 
is 2 months. 94% had no intentional movements and no 
language. Death between 7 months and 7 years 
(respiratory insufficiency) 

Recessive 

Homozygo
us 

UFM1 



2018 (31) NM_016617.4:c.241C>T (p.Arg81Cys) 4 affected individuals from 2 families. 

Severe early-onset encephalopathy with progressive 
microcephaly, profound global developmental delay, 
failure to thrive, short stature, progressive microcephaly 
and refractive epilepsy. MRI showed delayed CNS 
myelination (3/4) and cerebellar hypoplasia (3/4). 

Recessive 

Homozygo
us 

UFM1 

2020 (32) NM_016617.4:c.-155_-153delTCA One affected individual. 

Hypomyelinating leukodystrophy 

Recessive 

Homozygo
us 

UFM1 

2021 (33)  NM_016617.4:c.-155_-153delTCA 4 affected individuals. 

Hypomyelinating leukodystrophy featuring severe 
global developmental delay, axial hypotonia, spasticity, 
regression. 1/4 had seizures but all had diffuse cortical 
dysfunction on MRI, brain atrophy (cortex and basal 
ganglia), delayed/absent myelination, cerebellar 
hypoplasia. Median survival was 28 months. 

Recessive 

Homozygo
us 

UFM1 

2021 (34) NM_016617.4:c.-155_-153delTCA One affected individual. 

Progressive neurodegenerative disease at age 7 years, 
presenting with profound intellectual disability and 
epilepsy, history of apneic episodes and feeding 
difficulties in infancy. 

Recessive 

Homozygo
us 

UFM1 

2023 (35) NM_016617.4:c.-155_-153delTCA 9 affected individuals. Recessive UFM1 



Hypomyelination with atrophy of the basal ganglia 
and cerebellum. Presentation at < 2 months (inspiratory 
stridor, impaired sucking, swallowing, vision and 
hearing, and reduced active movements), microcephaly 
(6/9), malnutrition (5/9), muscle hypertonia (9/9) and 
axial hypotonia (4/9), progressing to opisthotonus (6/9), 
dystonic posturing (5/9), nystagmoid ocular movements 
(6/9), epileptic seizures (4/9), non-epileptic spells (3/9). 
Dysphagia (7/9), inspiratory stridor (9/9), dyspnea (5/9), 
bradypnea (5/9), apnea (2/9). Vision and hearing were 
never achieved or lost by 4-8 months. Neurodevelopment 
was absent or minimal with subsequent regression after 
2-5 months. Brain imaging revealed cortical atrophy 
(7/9), atrophic ventricular dilatation (4/9), macrocisterna 
magna (5/9), reduced myelination (6/6), corpus callosum 
atrophy (3/6) and abnormal putamen and caput nuclei 
caudati. The age at death was between 8 and 18 mo.  

Homozygo
us 

  
DDRGK1 cases 

        

Year Publication Mutation info Disorder Inheritanc
e 

Gene 

2017 (36) NM_023935.3:c.408+1G>A  

donor splice site loss-of-function mutation  

7 affected individuals from 4 families. 

Shohat-type spondyloepimetaphyseal dysplasia 

Recessive  

Homozygo
us 

DDRG
K1 



2022 (37) NM_023935.3:c.406G>A (p.Glu136Lys) 2 affected individuals from 2 families. 

Shohat-type spondyloepimetaphyseal dysplasia  

Recessive 

Homozygo
us 

DDRG
K1 

2022 (38) NM_023935.3:c.408+1G>A One affected individual. 

Shohat-type spondyloepimetaphyseal dysplasia. 
Additionally, left choanal atresia and prenatal fractures 
(not previously described with SEMD Shohat-type), 
microcephaly, and beaten sliver skull on X-ray not 
present at birth. Normal cognitive function. 

Recessive 

Homozygo
us 

DDRG
K1 

  
UFC1 cases 

        

Year Publication Mutation info Disorder Inheritanc
e 

Gene 

2017 (39) NM_016406.3:c.317C>T: p.(Thr106Ile) 
homo 

2 affected individuals from a family. 

Intellectual disability. 

P1: Floppiness since birth with delay in milestones. 
spastic at 4 years, seizures from 13 years. No head 
control, wheelchair bound, speech is limited to babbling. 
Neurological assessment at 13 years showed spasticity, 
hyperreflexia, mild intention tremor and hirsutism. Brain 
MRI showed white matter changes. 

P2: global developmental delay, spasticity and ataxia. 
Neurological examination at 10 years showed 
hypertonia, and hyperreflexia with clonus. Wheelchair 

Recessive 

Homozygo
us 

UFC1 



bound, intention tremor and oculomotor apraxia. Brain 
MRI at 14 years was unremarkable. 

2018 (31) 3 families with NM_016406.3:c.317C>T 
(p.Thr106Ile) 

1 family with NM_016406.3:c.68G>A 
(p.Arg23Gln)  

8 affected individuals from 4 families (1 already 
described in Anazi et al 2016) 

Severe early infantile encephalopathy, progressive 
microcephaly (7/8), axial hypotonia, appendicular 
hypertonia and refractory epilepsy (4/8). MRI showed 
basal ganglia abnormality (2/6) and delayed CNS 
myelination (1/6). 

Recessive  UFC1 

2019 (40) NM_016406.3:c.68G>A (p.Arg23Gln) One affected individual. 

Early-onset epileptic encephalopathy and combined 
developmental epileptic encephalopathy 

Recessive 

Homozygo
us 

UFC1 

2024 (41) NM_016406.4:c.19C>T (p.Arg7Ter), 
NM_016406.4:c.164G>A (p.Arg55Gln) 

One affected individual. 

Global neurodevelopmental delay (severely delayed 
psychomotor development not standing or talking at 17 
months), microcephaly, epilepsy, severely delayed 
psychomotor development, severe growth retardation 
facial deformities. MRI showed diffuse white matter loss 
suggestive of cerebral dysplasia. Infantile spasms from 3 
months. 

Recessive 

Compound 
heterozygo
us 

UFC1 



2025 (42) NM_016406.4: c.141del, 
p.Asn48Metfs*29/c.255+17G>A;het/het, 
indel/SNV, 1bp/1bp 

NM_016406.4: c.244_255del, 
p.Glu83_Ile86del/c.255+17G>A;het/het, 
indel/SNV, 12bp/1bpv 

Neurodevelopmental disorder with spasticity and poor 
growth (infantile-onset dystonia, segmental; spasticity, 
DD (spastic-dystonic CP)) 

 

Neurodevelopmental disorder with spasticity and poor 
growth, (infantile-onset dystonia, generalised; spasticity, 
DD, epilepsy, microcephaly) 

Recessive 

 

Recessive 

UFC1 

 
Table S2 Primer, PCR and ASO information 
Primer name Sequence 5’-3’ Annealing 

temp (°C) 
Amplicon (bp) PCR conditions 

Sanger segregation 
primers 
CDK5RAP3_Int5_gFW 
CDK5RAP3_Int5_gRV 

GATGTTGCCCATTTGTAGGTG 
TACACCCAACCCAAACACAG 

60 297 MyTaq polymerase (Meridian 
Biosciences, Cincinnati, Ohio, 
USA) as per manufacturer’s 
protocol. PCR cycling 
conditions: 95 °C 2 min; 35 
cycles of 95 °C 10 s, 60 °C 30 s, 
72 °C 1 min; final 72 °C 8 min 

GAPDH_Ex3_FW 
GAPDH_Ex6_RW 

TCACCAGGGCTGCTTTTAAC 
GGCAGAGATGATGACCCTTT 

64 317 Extension time: 90s 

CDK5RAP3_Ex4-F   
CDK5RAP3_Ex11-R 

CCTTCTCAAAGGCACAGAGG 
AGTGTATTCAAGCAGTGTCAGG 

58 NM_176096.3: 823bp 
NM_001278217.2: 
1533 
NM_001278216.2: 
1748 

Extension time: 240 s (Long 
Amp Taq, NEB) 

CDK5RAP3_Ex4-F   
CDK5RAP3_Ex5/6-R 

CCTTCTCAAAGGCACAGAGG 
GGAGGCTAGAGAGTTCCACTAAG 

60 134 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions 



CDK5RAP3_Ex4-F   
CDK5RAP3_Ex5-R 

CCTTCTCAAAGGCACAGAGG 
TGTTGTCCTTCTCATACAGAGC 

60 121 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions 

CDK5RAP3_Ex4-F   
CDK5RAP3_I5-R 

CCTTCTCAAAGGCACAGAGG 
GCCTCCTATAAGCCTGGTATC 

60 198 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions 

HPRT1_F 
HPRT1_R 

TCCAAAGATGGTCAAGGTCGC 
TTCAAATCCAACAAAGTCTGGCT 

60 85 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions 

RPLP0_F 
RPLP0_R 

CATGCTCAACATCTCCCCCT 
ACCCTCCAGGAAGCGAGAAT 

60 127 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions 

GAPDH_F 
GAPDH_R 

GGTCGGAGTCAACGGATTTGG 
TTCTCAGCCTTGACGGTGC 

60 177 Extension time: 60s (qPCR) 
PowerUp SYBR Green master 
mix; manufacturer-specified 
cycling conditions PowerUp 
SYBR Green master mix; 
manufacturer-specified cycling 
conditions 

XBP1_common_F 
XBP1_common_R 

CCTGGTTGCTGAAGAGGAGG 
ATCCATGGGGAGATGTTCTGG 

58 121/147 Extension time: 30 s 

XBP1s_F 
XBP1s_R 

TGCTGAGTCCGCAGCAGGTG 
GCTGGCAGGCTCTGGGGAAG 

58 169 Extension time: 30 s 

XBP1u_F 
XBP1_common_R 

CAGCACTCAGACTACGTGCA 
ATCCATGGGGAGATGTTCTGG 

58 76 Extension time: 30 s 

CDK5RAP3 ASO 
(ASO-T) 

ACCCACACATACCTGCTCGCTGAG - - - 

SCR ASO (ASO-S) GCTCAACTGCCGCAACCCTTACGA - - - 



 

Table S3 Full autopsy results for affected individuals from Family A 

Organ AII-1 (*expected weight at 37+5/40 weeks 
gestation in bracket) 

AII-3 (*expected weight at 26+6/40 weeks gestation in bracket) 

Brain 190 g (343.6 ± 37.9 g) 91.9 g (124.9 ± 18.2 g) 
Brain/Liver ratio 3.6 (>5 in intrauterine growth restriction) 

Dural Meninges 
and 
leptomeninges 

Oedematous and cloudy Normal 

Cerebrum • Structurally normal, symmetrical with atrophic 
gyri and prominent sulci and a normal cortical 
ribbon. 

• No neural migration defects observed (e.g. no 
periventricular neuronal heterotopia, 
polymicrogyria or simplification of the cerebral 
architecture).  

• Normal lamination present.  
• Widespread blurring of the grey-white matter 

junction with preserved grey/white matter 
proportion.  

• The cerebral cortical mantle was preserved, and 
the cortex had a normal layered pattern with 
increased glial cells and reactive astrocytes.  

• Subcortical white matter is variably oedematous 
and there are reactive astrocytes including 
gemistocytic forms (GFAP positive) as well as 
increased numbers of CD68 microglia mainly in 
deeper white matter. 

• Two symmetrical cerebral hemispheres.  
• The basal ganglia are identified and appear normally formed and 

symmetric.  
• The germinal matrix is thick and preserved.  
• The hippocampus is normal. 

Midbrain • The corpus callosum was intact and normal in 
(some reactive astrocytes).  

• The corpus callosum was intact and normal.  
• Thalamus size was not noted. 



• The thalamus, basal ganglia, hippocampus, 
ventricular lining, and choroid plexus were 
normally developed (except for the 4x3mm 
cyst, Figure 1 B, C).  

• Thalamus size was reduced. 
Cerebellum, 
pons and 
medulla 

• Smaller even compared to reduced brain size.  
• Overall normal architecture.  
• The external granular and molecular layer have 

normal appearance, but Purkinje cell layer has 
normal number of Purkinje cells in vermis but 
reduced or lacking Purkinje cells in the 
cerebellar hemispheres.  

• Internal granular cell layer is present but 
appears to contain fewer cells than typical in 
much of the cerebellum. 

• On H&E some areas of cerebellar hemispheres 
show areas suspicious for Bergmann’s gliosis 
and small amounts of GFAP positive staining is 
seen in these regions (not pronounced). 

• The dentate nucleus is abnormally simplified 
with nodular pattern and reduced number of 
neurons (similar to olives) and increased 
number of glial cells in the tissue surrounding 
the dentate. 

• Poorly defined olives, fewer than normal 
staining neurons and increased numbers of glial 
cells on GFAP. 

 
 

• The brainstem and cerebellum are abnormal, but the grey matter 
nuclei and structures are symmetric. 

• The cerebellum is small, and the foliation of the hemispheres is 
simple, with relative preservation of the foliae of the vermis.  

• The cortical lamination of the cerebellum is normal, with a 
single nodular focus of GFAP positive cells in the cerebellar 
cortex representing an area of gliosis but overall preservation of 
the cortex.  

• Probably delayed Purkinje cell migration (Purkinje cells only 
seen in the most inferior part of the vermis, and none in the 
hemispheres).  

• Dentate nucleus identified, but slightly less convoluted than 
expected, with isolated nodules seen towards the midline, but no 
interruption of the contour of the dentate. 

• The pontine nuclei appear smaller than expected for gestational 
age. The pontine transverse fibres are present, but there are less 
neurons than expected. 

• The pyramids appear normally sized but abnormally shaped.  
• The inferior olivary nucleus is abnormally formed (minimal 

convolution, simple "U" shape, multiple discontinuous nodules 
at the peripheral aspect). 

• The remainder of the brainstem nuclei were smaller than 
expected but appeared symmetric and normally formed. 

Cranial nerves Normal Normal 
Eyes Normal Normal  



Facial features • Nose is normally sited and formed with patent 
posterior nasal choanae.  

• The philtrum and tongue are normal.  
• Narrow mouth. 
• Intact palate but hard palate has a high arched 

appearance and soft palate is normal 
• Chin appears small.  
• Ears are normally sited with well-formed pinnae 

and patent external auditory canals. 

• Nose is normally sited but has prominent alae nasi and 
columella with notching of the nostril. The posterior nasal 
choanae are patent, and there is a high arched palate with no 
cleft.  

• The philtrum and tongue are normal.  
• Mouth is downturned 
• Chin is micrognathic.  
• Eyes are protuberant with deep infraorbital creases and flattened 

brow ridges.  
• Ears are normally sited with well-formed pinnae and patent 

external auditory canals. No pre/post-auricular pit or sinuses. 
Digestive tract • Oesophagus normal. 

• No comment on remaining digestive tract. 
• Oesophagus normal. 
• Meconium present in small and large intestine.  
• Stomach, small intestine and colon are patent through to the 

anus with no evidence of malrotation or atresia.  
• The caecum and appendix are located in the right lower 

quadrant. 
Liver 59.5 g (108.4 ± 1.2 g) 

• Ductular reaction, extramedullary 
haematopoiesis (probably more than typical for 
corrected gestational age) and probably a mixed 
chronic inflammatory infiltrate of mainly 
lymphocytes and a few plasma cells.  

• The portal areas are irregularly expanded by the 
fibrosis, giving stellate appearance and in many 
areas, there is portal-to-portal bridging, but 
portal to central bridging is not seen. A few 
areas show almost complete nodule formation.  

• Interlobular bile ducts, hepatic arterioles and 
portal venules are present within the portal 
tracts.  

25.4g (45.9 ± 1.2 g) 
• Liver appears fragile and haemorrhagic.  
• There is a normal gallbladder and extrahepatic bile ducts. 
• There is moderate autolysis, but the lobular-acinar architecture 

is preserved.  
• The biliary duct development is difficult to assess due to 

autolysis, but on cytokeratin stain there are ducts seen in the 
larger portal tracts, and focal persistence of the ductal plate.  

• Early cholestatic changes were present in the liver including bile 
plugs, which is likely to be significant at this gestational age, but 
is of unclear aetiology given the normal ductal plate and biliary 
development.  



• No significant bile duct damage but occasional 
bile duct plugging. The limiting plate is mildly 
irregular, partially obscured mainly by the 
extramedullary haematopoiesis and ductular 
reaction rather than hepatocyte dropout. 

• Hepatocytes show a normal sinusoidal 
trabecular pattern and there is mild 
intrahepatocytic and bile canalicular cholestasis.  

• Keratin stain (MCK) shows a moderate intensity 
periportal bile ductular proliferative reaction.  

• Extramedullary haematopoiesis is seen and there is no 
calcification, but the morphology of the hepatocytes is partly 
lost due to autolysis. 

Pancreas 1.6 g (2.0 ± 1.7 g) 0.7 g (0.7g ± 1.8 g) 
Thymus 14.9 g (7.5 ± 1.6 g)  

Prominent appearance, pale colour, normally 
located, normal ultrastructure; 4-5mm nodule 
identified as thymic tissue between the superior 
aspect of the thymus and the inferior pole of the 
thyroid. 

2.3 g (2.0 ± 1.6 g) 
Normally located and formed thyroid gland. 

Spleen 13 g (7.7 ± 1.4 g) 
Normal developed red and white pulp for the 
gestational age. the spleen is unremarkable, except 
for congested red pulp. 

1.2 g (1.6±1.4g) 
Red and white pulp differentiation is preserved. Lymphoid 
aggregates are identified. No viral cytopathic changes are seen. 

Kidneys R: 8.3g (12.3±2.8g) and L: 7.8g (12.4 ±2.6g) 
Normally developed. Showed some amorphous 
basophilic mineral deposits within tubular lumens, 
suggesting one or more previous episodes of renal 
tubular damage, but no evidence of active/current 
damage. Incidental finding of dual right renal 
arteries. 

R: 2.3g (4.4±1.1g) and L: 2.2g (4.5±1.1g) 
Autolysed. Preservation of corticomedullary differentiation and a 
normal cortical nephrogenic zone. No cystic change or dilatation of 
the pelvis. No obvious dysplastic features including cartilage or 
stromal nodules. There is loss of tubular nuclear basophilia. 

Adrenals 2.9 g (6.9±2.1g) 1.2g (2.7± 0.9g) 
Lungs and 
airways 

Lung/body weight ratio of 1.32 % (; < 1.15 % in 
hypoplasia) 

Lung/body weight ratio of 1.96 % (< 1.15 % in hypoplasia) 
R: 6.7g (11.8±2.8g) and L: 5.1g (9.7±2.2g) 



R: 15.6 g (28.9±5.8g) and L: 10.5 g (23.7±5.8g) 
 
Larynx, trachea, bronchi and lung developed 
normally.  
 

No definite hypoplasia 
Larynx, trachea, bronchi and lung developed normally. The small 
lungs are likely to be secondary to decreased intrauterine 
diaphragmatic and intercostal movement rather than a primary 
hypoplastic process. 

Heart 8.5 g (17± 3.8g) 
Patent foramen ovale and 1 mm atrial septal defect 

3.9 g (5.7±1.5g) 
Normal morphology 

Placenta N/A Placental disc weight: 124.5 g (226±100g), Umbilical cord length 
375mm (425±113mm) 
• Underweight placenta; multiple foci of villous calcification (of 

uncertain significance, likely an incidental finding).  
• Area of haemorrhagic infarction (recent and most likely 

secondary to induction of labour).  
• A single focus of basal villitis is seen (of uncertain significance, 

likely of minimal contribution). 
Genitals and 
reproductive 
organs 

Left testis, poorly formed scrotum Normal 

Skeletal muscle • Muscles appeared macroscopically normal, 
including the diaphragm, intercostal muscles, 
and strap muscles of the neck.  

• The psoas muscle was smaller but proportional 
to the smaller baby, while the biceps were 
normal.  

• The quadriceps appeared more fatty and ill-
defined, possibly fibrotic.  

• Clusters of small myofibres in some areas.  
• Muscle fibers that are larger (~22μm) or smaller 

(~4.5μm) than expected for gestational age.  
• Slightly increased number of cells with internal 

nuclei (3%).  

• Muscle wasting which is more severe in the distal limbs.  
• No overt features of either myopathic or neuropathic change.  
• There was no evidence of primary hypoplasia or atrophy. The 

average fibre size is 17.8 μm (range from 7.5-30.9 μm). 
• ~15% of fibres are type I/ slow fibres, (likely within normal 

limits at this gestation).  
• There is no size disparity between type I and II fibres, and there 

is a normal checkerboard distribution (no fibre type grouping). 
• Approximately 10% of fibres have central nuclei.  
• No cytoplasmic inclusions, clearing or rods.  
• Oxidative enzyme stains (NADH, SDH and COX) have a 

normal uniform cytoplasmic staining pattern with focal 
peripheral accentuation and no cores or aggregates. 



• Subtle increase in the amount of fibrous tissue 
in quadriceps.  

• Fibre type staining uninterpretable.  

• Normal staining with acid phosphatase, with minimal punctate 
staining in the cytoplasm of the myocytes.  

• A single vacuolated myocyte is seen, and rare enlarged nuclei, 
but no specific diagnostic cytological abnormalities. 

• In the formalin fixed muscle including the diaphragm and 
intercostal muscles, there is no significant fibre size variation, 
and while the myofibres in the diaphragm are well defined, there 
is no fibrosis or fatty replacement. No evidence of fibre atrophy 
or loss is seen. 

Musculoskeletal • The limbs were thin and gracile, with mild 
gracility of the long bones and possible parietal 
Wormian bones.  

• Cranial bones were normally formed. 
• Congenital dislocation of the hips. 
• Fixed flexion deformity  

o Elbows mildly flexed. 
o Wrists hyperextended and fixed. 
o Fingers flexed, mainly at the 

metacarpophalangeal joints and also the 
proximal interphalangeal joints.  

o Lower limbs showing fixed flexion 
deformities at the hips, knees and ankles.  

o Bilateral clubfeet, relatively symmetrical 
and fixed.  

 

• There are deformities of the upper and lower limbs.  
• There is full range of motion of the shoulders, and the elbows 

are stiff but have a full range of motion. There is no flexion at 
the wrists, which have a range of motion of approximately 30 
degrees of extension.  

• The bilateral metacarpophalangeal joints are fixed at 90 degrees 
of flexion, and the proximal interphalangeal joints are flexed at 
90 degrees with approximately 30 degrees of motion. The distal 
interphalangeal joints are fixed in extension. The thumbs are 
fixed to the palm in adduction. There are bilateral transverse 
palmar creases, and the distal phalangeal creases are absent.  

• The hips are held in adduction, with limitation of abduction to 
approximately 70 degrees. There is normal flexion, extension 
and rotation of the hips. 

• The knees have full range of motion.  
• Both ankles are held in flexion at approximately 90 degrees and 

have approximately 30 degrees of range of motion. 
• There are varus deformities of both feet and rocker bottom 

malformations.  
• Eleven thoracic vertebral bodies and ribs (likely an incidental 

finding). 
 



Table S4 Coding regions and canonical splice sites of the genes in the PCH panel  
Gene Coverage* 
VRK1 100% 
EXOSC3 100% 
TSEN54 85.8% 
TSEN2 99% 
TSEN34 89.7% 
SEPSECS 96% 
RARS2 100% 

* Sequenced with a mean depth of coverage of 148x with 93.4% of the target bases covered 
at least 20x. 
 
 

Table S6 UFMylation proteins in ‘Proteomics Dataset 1’ 
Gene Name Uniprot ID UFMylation 

process 
Log2FC 
(AII-3 vs 
C4) 

Q-score 
(*<0.05)  

UFM1 P61960 Molecule -0.08 0.0282* 
UBA5 Q9GZZ9 Machinery 0.07 0.0208* 
UFC1 Q9Y3C8 Machinery 0.01 0.731 
DDRGK1 Q96HY6 Machinery -0.2 0.000179* 
UFL1 O94874 Machinery -0.28 0.0000914* 
UFSP2 Q9NUQ7 Machinery 0.08 0.171 
CDK5RAP3 Q96JB5 Scaffolding -1.9 0.0000000186* 
ODR4 Q5SWX8 Scaffolding 0.14 0.00363* 
RPL26 J3QQQ9:P61254 Substrates 0.12 0.000293* 
RPS20 P60866 Substrates 0.09 0.00387* 
RPL10:RPL10L P27635:Q96L21 Substrates 0.08 0.00338* 
EIF6 P56537:A0A0U1RQV5 Substrates 0.34 0.00000381* 
RPN1 P04843 Substrates 0.05 0.321 
TP53 N/D Substrates N/D N/D 
MRE11 P49959 Substrates -0.14 0.00381* 
HIST1H4 N/D Substrates N/D N/D 
TRIP4 Q15650 Substrates 0.19 0.0000173* 
CYB5R3 P00387:A0A087WZB1 Substrates -0.01 0.801 
HRD1 N/D Substrates N/D N/D 
SLC7A11 Q9UPY5 Substrates 0.36 0.00000449* 
CD274 N/D Substrates N/D N/D 
KIF11 P52732 Substrates 1.4 0.000341* 
P4HB H7BZ94 Substrates -0.38 0.0000948* 
P4HB P07237 Substrates -0.19 0.0000071* 
ATG9A Q7Z3C6:H7C152 Substrates 0.04 0.301 

 

Table S12 UFMylation proteins in ‘Proteomics Dataset 2’ 
Gene Name Uniprot ID UFMylation 

process 
Log2FC 
(AII-3(T) 

Q-score 
(*<0.05)  



vs AII-
3(S)) 

UFM1 P61960 Molecule  -0.15 0.0111* 
UBA5 Q9GZZ9 Machinery -0.036 0.253 
UFC1 Q9Y3C8 Machinery -0.089 0.0403* 
DDRGK1 Q96HY6 Machinery -0.1 0.0678 
UFL1 O94874 Machinery 0.036 0.39 
UFSP2 Q9NUQ7 Machinery -0.06 0.039* 
CDK5RAP3 Q96JB5 Scaffolding 1.81 0.00000000214* 
ODR4 Q5SWX8 Scaffolding -0.032 0.384 
RPL26 J3QQQ9:P61254 Substrates -0.052 0.52 
RPS20 P60866 Substrates 0.11 0.0859 
RPL10:RPL10L P27635:Q96L21 Substrates -0.025 0.819 
EIF6 P56537:A0A0U1RQV5 Substrates -0.11 0.0128* 
RPN1 P04843 Substrates -0.059 0.252 
TP53 N/D Substrates N/D N/D 
MRE11 P49959 Substrates 0.42 0.00736* 
HIST1H4 N/D Substrates N/D N/D 
TRIP4 Q15650 Substrates -0.018 0.662 
CYB5R3 P00387:A0A087WZB1 Substrates 0.038 0.671 
HRD1 N/D Substrates N/D N/D 
SLC7A11 Q9UPY5 Substrates 0.054 0.888 
CD274 Q9NZQ7 Substrates 0.28 0.0142* 
KIF11 N/D Substrates N/D N/D 
P4HB:PDIA2 P07237:Q13087 Substrates 0.032 0.673 
ATG9A Q7Z3C6:H7C152 Substrates -0.15 0.13 

 

Table S13 UFMylation proteins in ‘Phosphoroteomics Dataset’ 
Gene Name Phospho ID Phosp

ho 
type 

UFMylati
on 
process 

Log2FC (AII-
3(T) vs AII-
3(S)) 

Q-score 
(*<0.05)  

UFM1 N/D N/D Molecule N/D N/D 
UBA5 N/D N/D Machinery N/D N/D 
UFC1 N/D N/D Machinery N/D N/D 
DDRGK1 N/D N/D Machinery N/D N/D 
UFL1 O94874|431 S Machinery -0.0062 0.956 
UFL1 O94874|458 S Machinery 0.22 0.0168* 
UFL1 

O94874|462 S 
Machiner
y 0.6 0.00126* 

UFL1 O94874|789 S Machinery 0.093 0.0251* 
UFL1 O94874|792 T Machinery 0.27 0.0193* 
UFSP2 N/D N/D Machinery N/D N/D 
CDK5RAP3 N/D N/D Scaffoldin

g 
N/D 

N/D 
ODR4 N/D N/D Scaffoldin

g 
N/D 

N/D 
RPL26 J3QQQ9:P61254|23:2

3 
S Substrates 

-0.16 0.0647 



RPS20 N/D N/D Substrates N/D N/D 
RPL10:RPL1
0L 

N/D N/D Substrates N/D 
N/D 

EIF6 P56537|243 S Substrates -0.3 0.00347* 
RPN1 N/D N/D Substrates N/D N/D 
TP53 P04637|315 S Substrates -0.0074 0.928 
MRE11 P49959|649 S Substrates 0.44 0.00232* 
HIST1H4 N/D  Substrates N/D N/D 
TRIP4 Q15650|223 S Substrates -0.065 0.489 
CYB5R3 P00387|146 S Substrates -0.03 0.823 
CYB5R3 P00387|38 S Substrates 0.027 0.8 
HRD1 N/D N/D Substrates N/D N/D 
SLC7A11 Q9UPY5|26 S Substrate

s -0.59 0.00467* 
CD274 Q9NZQ7|283 S Substrates 0.27 0.0155* 
KIF11 P52732|926 T Substrates -0.17 0.303 
P4HB P07237|32 S Substrates 0.0027 0.991 
ATG9A Q7Z3C6:H7C152|656

:72 
S Substrates 

-0.058 0.182 
ATG9A Q7Z3C6:H7C152|73

5:151 
S Substrate

s -0.55 
0.000208
* 

ATG9A Q7Z3C6:H7C152|828
:244 

S Substrates 
-0.22 0.00398* 
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