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Piga in the brain: Offering Gene Therapy Opportunities
Jennifer L. Watts1, Shibi Likhite1, Yoshiko Murakami2, Toroh Kinoshita2, Kathrin 
Meyer1,3, and Rolf W. Stottmann1,3

      1- Nationwide Children’s Hospital, Columbus, OH; 2- Osaka University, Osaka,    
      Japan; 3 – The Ohio State University, Columbus, OH

bioRxviv preprint doi: https://www.biorxiv.org/content/10.64898/2025.12.11.693709v1

Key Points
• A single AAV9-hPIGA injection rescues Piga-related phenotypes 

including survival and structural brain defects
• AAV9-hPIGA treatment rescued long–term ataxia phenotypes in 

Piga mutants
• Neuronal GPI-anchored protein levels in Piga mutants are 

increased with AAV9-hPIGA gene replacement

Graphical Abstract

https://www.biorxiv.org/content/10.64898/2025.12.11.693709v1


Potential of Xuriden (Uridine Triacetate) for Therapeutic Intervention in Multiple Congenital 
Disorders of Glycosylation
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A Systematic Review of Uridine Therapy in CAD Deficiency:
Demonstrating Significant Improvements in Seizure Control and Survival.



A Systematic Review of Uridine Therapy in CAD Deficiency:
Demonstrating Significant Improvements in Seizure Control and Survival.
Lois Wallace1, Alexander J Spicer1, Emma Thomas1, Vignesh Rajah1

1 BTG International, Inc., a SERB Pharmaceuticals company, 300 Four Falls Corporate Center, 300 Conshohocken State Road, Suite 300, West Conshohocken, PA, 19428-3820
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Introduction

CAD deficiency is a rare autosomal recessive congenital disorder of 
glycosylation caused by pathogenic variants in the CAD gene. This 
condition disrupts the de novo biosynthesis of uridine monophosphate 
(UMP); however, UMP can alternatively be generated from uridine via the 
salvage pathway.

Clinically, CAD deficiency is characterized by epileptic encephalopathy, 
global developmental delay, normocytic anemia, and
anisopoikilocytosis (a blood condition marked by significant variation in 
both the size and shape). Affected individuals often exhibit loss of 
previously acquired skills in early childhood, and the natural disease 
course may be fatal during this period.

The first case of CAD deficiency was reported in 20151. Since then, 
approximately 50 cases have been described worldwide, with the disorder 
consistently associated with seizures, global developmental delay, and 
high mortality2. The estimated incidence is less than 1 in 1,000,0003.

Methods

A literature review was conducted to identify all published cases 
describing the use of uridine (including uridine monophosphate and 
uridine triacetate) in the treatment of CAD deficiency. Studies published 
between 2015 and 2025 were included. Outcomes of 
interest included seizure cessation, reduction, or clinical improvement.

Conclusion

Uridine therapy is associated with significant improvement in seizure control and reduced mortality in patients with CAD 
deficiency. Further research is required to confirm clinical benefit of uridine triacetate. 

Results and Data Highlights

A total of 56 published cases were identified, outcome detailed in Table 1. 

Of these, 28 patients (50%) received uridine-based therapy: 2 received uridine triacetate, 11 received uridine monophosphate, 
and 15 received uridine (formulation unspecified), as detailed in Figure 14-21.

Table 1: Survival at the time of publication in 56 CAD deficiency patients

Patients receiving uridine
n= 28 (50%)

Patients not receiving uridine
n= 13 (23%)

Treatment unknown
n= 15 (27%)

Survived 26 0 2

Deceased 2 8 1

Outcome unknown 0 5 12

11

2

15

Uridine monophosphate (UMP) Uridine triacetate/triacetyl uridine (UTA) Uridine (unspecified)

Figure 1: Uridine formulation

1Ng BG 2015. 2Duan 2024. 3Orphanet 2024. 4Koch 2017. 5Zhou 2020a. 6Zhou 2020b. 7Kamate 2020. 8Peng 2022. 9Russo 2020. 10Rymen 2020. 11McGraw 2020. 12Del Cano-Ochoa 2020. 13Frederick 2021. 14Al-Otaibi 2022. 15Zhou 2022. 16Yarahmadi 2022. 17Silva 2024. 18Steinberg-Schemer 2023. 19Thurman 2024. 20Duan 2024. 21Glangher 2025.   



Background & Significance
• Inherited deficiency of phosphomannomutase 2 (PMM2) (Fig. 1) leads to a debilitating and potentially

lethal congenital disorder of glycosylation (CDG) that affects multiple organs.
• Currently, there is no cure for this PMM2-CDG.
• Treatment of a mouse model of the disease with

widespread Pmm2 deficiency with an experimental
AAV9-PMM2 gene replacement therapy rescued the
neurological phenotypes (Zhong and Lai, 2025).

• Although neurological deficits are common, nearly all
patients exhibit LIVER disease, including enlarged
liver and elevated liver enzymes, often accompanied
by life-threatening blood clotting episodes, impaired
antibodies production, and liver failure that typically
begins in the early infancy.

• Despite great therapeutic promise, AAV9-PMM2 may
be unsuitable for patients with pre-existing anti-AAV
immunity or severe liver disease. Thus, an
alternative therapy or short-term bridge approach is
needed.

Approach
We developed a liver-specific Pmm2 deficiency mouse model that exhibited liver damage and

distinct blood-clotting abnormalities relevant to PMM2-CDG. We then used this model to evaluate the
efficacy and safety of an experimental human PMM2 mRNA supplementation.

Results (continued)
II. Liver Pmm2 deficiency results in focal structural damage & impaired hemostasis (Fig. 3)

III. A single dose of PMM2 mRNA supplementation restores liver PMM2 expression, 
prevents liver damage, and corrects glycosylation defects (Fig. 4)

Fig.  3. Liver damage and coagulation abnormalities in Pmm2 KO mice. Representative hematoxylin and eosin (H&E)-stained
liver sections from (A) 9-week-old control and (B) Pmm2 KO mice. Comparative amount of (C) TAT and (D) Factor XI (FXI) levels
are determined from age matched animals.

Conclusions
PMM2 mRNA supplementation represents a potent and well-tolerated strategy for treating liver disease
of PMM2-CDG. 

Fig. 4. PMM2 mRNA treatment induces robust PMM2 expression, ameliorating liver damage and normalizing N-glycan
profiles. (A) Representative immunoblot of Pmm2 in liver lysates from control mice, untreated Pmm2 KO mice, and Pmm2 KO
mice harvested 3, 6, and 9 days after PMM2 mRNA administration. (B) Quantification of Pmm2 protein abundance normalized to

-actin.
Representative H&E-stained liver sections from approximately 20-week-old (C) control, (D) Pmm2 KO, and (E) Pmm2 KO mice
treated with PMM2 mRNA for 9 days. (F-G) Glycomics analyses of liver samples from control and treated animals.

Results
I. Construction of a new liver-specific Pmm2 KO mouse model

F

When  mRNA  met  DNA: The Growing Arsenal of Genetic Therapies to cure PMM2-CDG 
Zhong M1, Yan X2, Finn P2, Lai K1,

1Department of Pediatrics, University of Utah, Salt Lake City, Utah, U.S.A., 2 Moderna Inc., Cambridge, Massachusetts, U..S. A.

Fig. 2. Construction of
the liver-specific Pmm2
KO mice. (A) Expression
of liver-specific Cre
recombinase excises
floxed loci and inactivates
the gene Pmm2 in liver.
(B) Immunoblot analysis
of Pmm2 protein
expression in liver, with
quantification normalized
to -actin as a loading
control. *, p < 0.05.
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Mass Spectrometry Approaches for Site-Specific Glycoprotein and Glycan Analysis to 
Advance Research in Congenital Disorders of Glycosylation

Veronica Gibaja, John Shaeck, Morgan Britt-Webb, Sarah Garcia, and Enrique Arevalo
Spectrus, Bevely MA, USA

1. BACKGROUND

3. METHODS

2. STUDY OVERVIEW

Congenital disorders of glycosylation (CDG) are a group of rare 
genetic diseases caused by defects in protein glycosylation. These 
disorders affect multiped organ systems and often present with 
complex clinical manifestations.

Glycosylation plays a critical role in protein structure and biological 
function. However, the structural complexity of glycans and the 
diversity of glycoproteins present significant analytical challenges.

7. CONCLUSION

6. IMPACT FOR CDG RESEARCH

5. INTEGRATION: WHY BOTH METHODS MATTER4. RESULTS

Integrated Mass Spectrometry Approaches for Comprehensive Glycobiology Analysis

Liquid Chromatography-mass spectrometry (LC-
MS) based workflows provide powerful tools to 
analyze glycosylation at both the glycopeptide 
level (where sugars are attached to proteins) and 
the glycan level (the sugars themselves).

This poster presents two complementary LC-MS 
workflows to support glycosylation analysis.

We applied two mass spectrometry-based workflows across two 
targeted studies to demonstrate integrated glycosylation analysis:

A

B Automated Glycan Profiling (Human Serum & IgG):
To evaluate released N-glycan profiling in human serum and IgG 
using automated data processing for higher throughput and 
reproducibility.

A. Glycopeptide Analysis (Site-Specific)

B. Glycan Analysis (Released N-Glycans)

Integrated glycopeptide and glycan analysis 
workflows provide complementary insights into 
protein glycosylation. Together, these approaches 
enable detailed characterization of glycosylation 
patters and support their application in CDG 
research.

Together, these complementary approaches 
provide a comprehensive view of glycosylation 
at both the site-specific and global levels –
supporting applications in CDG research.

This study evaluated a workflow for released N-glycan analysis in human 
serum and IgG, with emphasis on reproducibility and automated data 
processing, yielding the following observations:

B. Glycan Analysis Results (Released N-glycans)

• Released N-glycan analysis enabled sensitive detection and relative 
quantitation of glycan species in both human serum and IgG.

• Representative LC–FLR chromatograms demonstrated consistent 
glycan profiles across replicates 

• Manual and automated analyses showed strong agreement for IgG 
glycan quantitation. 

• Automated processing improved throughput while maintaining analytical 
consistency and precision. 

Representative LC-FLR Chromatogram 
(InstantPC Labeled N-Glycans)

Glycan Composition: Automated
vs Manual Analysis (IgG)

This study enabled site-specific characterization of glycosylation on Fetuin-A, providing the 
following key findings:

A. Glycopeptide Analysis Results (Fetuin-A)

• Three N-glycosylation sites were confidently identified (Asn-99, Asn-156, Asn-176) 
• Extensive O-glycosylation was mapped to the C-terminal region. 
• Both N- and O-linked sites exhibited multiple distinct glycoforms, demonstrating

glycosylation microheterogeneity. 
• Detected glycoforms were predominantly sialylated, consistent with the known structure of fetuin-A 
• The combined use of O-glycoprotease (IMPa) and trypsin enabled robust site-specific resolution of 

glycopeptides, supporting confident structural assignment.

Glycopeptide Analysis 
(Site-Specific)

Glycan Analysis 
(Released Glycans)

• Identifies exact glycosylation 
sites 

• Provides structural and 
positional detail 

• Provides global glycan 
composition 

• Enables high-throughput 
quantitation

Understanding Disease Mechanisms

Advancing CDG CARE

Supporting Precision Medicine

Biomarker Discovery
Glycosylation signatures may support diagnosis and 
disease monitoring.

Links between glycosylation changes 
and protein function.

Enables deeper characterization of CDG subtypes.

Supporting research aligned with 
improving patient outcomes.

www.spectruscorp.com

Site-Specific Glycopeptide Characterization (Fetuin-A):
To characterize both N- and O-glycoforms of Fetuin-A and 
evaluate microheterogeneity at specific glycosylation sites.

FA2BG0_G0F_53100

FA2G0_G0F_43100 NeuAcHexHexNAc Core2-2NeuAc2Hex2HexNAc

FA2BG1_G1bF_54100

Representative N-Glycans

Representative O-Glycans Multiple O-glycosylation sites 
(C-terminal region)

Asn-99 Asn-156
N-glycosylation sites (n = 3)

Asn-176
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• This multi-gene cohort delineates the shared and gene-specific neurological 
manifestations of GPI-related CDG.

• Despite genetic heterogeneity, these disorders uniformly present with global 
developmental delay and a high burden of epilepsy with diverse seizure 
types, EEG patterns, and neuroimaging abnormalities.

• These findings refine the known neuro-phenotypic spectrum and describe the 
current treatments and outcomes that establishes a baseline for further 
studies and recommendations for management. 

1. Wu, T., Yin, F., Guang, S. et al. The Glycosylphosphatidylinositol biosynthesis pathway in human 
diseases. Orphanet J Rare Dis 15, 129 (2020). https://doi.org/10.1186/s13023-020-01401-z

2. Murakami, Y. Biosynthesis of GPI anchored proteins, its deficiencies and treatment. J Hum Genet (2025). 
https://doi.org/10.1038/s10038-025-01379-1

3. Sidpra J, at al. The clinical and genetic spectrum of inherited glycosylphosphatidylinositol deficiency disorders. 
Brain. 2024 Aug 1;147(8):2775-2790. doi: 10.1093/brain/awae056. PMID: 38456468; PMCID: PMC11292905.

• Glycosylphosphatidylinositol-anchor related congenital disorders 
of Glycosylation (GPI-CDG) comprise a heterogeneous group of 
disorders caused by pathogenic variants in genes involved in 
GPI-anchor biosynthesis and remodeling1,2.

• Literature on comprehensive review on the spectrum of 
specific neuro-phenotypes and the clinical outcomes are limited.

• Analysis of the prospective data collected from Mayo Clinic cohort of 
participants in the FCDGC natural history study from 2018 to 2025.

• Clinical data were systematically reviewed to define 
neurodevelopmental phenotypes, developmental trajectories and 
outcomes, seizure profiles and outcomes, EEG patterns, and 
neuroimaging abnormalities.

RESULTS INTRODUCTION

METHODS

CONCLUSIONS

REFERENCES

Figure 1; Proportion of individuals affected by each gene

Neurologic spectrum and clinical outcomes in GPI-CDG: 
Observation from the natural history study
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Gene Key MRI Pattern

PIGA

Normal early → transient tract 
diffusion restriction → later cerebral 
atrophy ± ventriculomegaly; 1 
subdural hygroma

PIGG Essentially normal; minor parietal 
WM hyperintensity

PIGT
Progressive cerebellar & cerebral 
atrophy; 1 Blake pouch 
cyst/hydrocephalus

PIGN

Normal early → progressive 
cerebellar/cerebral atrophy; 1 acute 
seizure-related diffusion restriction; 
lactate peak in some; 1 enlarged 
vestibular aqueduct

GPAA1 Normal → mild delayed myelination 
→ cerebellar atrophy

PGAP3
Normal/mild delayed myelination → 
later thin corpus callosum; 1 prenatal 
Blake-pouch–related vermian variant

PIGO Normal/mild extra-axial CSF 
prominence

PIGV
Early corpus callosal thinning & 
vermian hypoplasia/Dandy-Walker → 
later cerebral/brainstem atrophy

PIGW, PIGS 
PGAP1 Normal

Jai Kumar Rajavoor Muniswamy, MBBS1 ; Queenie Tan,MD2; Eva Morava, MD, PhD3; Karthik Muthusamy, MD1,4

Department of Clinical Genomics, Mayo Clinic, FL1, Department of Clinical Genomics, Mayo Clinic, MN2, Department of Genetics and Genomic Science, 
Icahn School of Medicine at Mount Sinai, NY3, Department of Neurology, Mayo clinic, FL4

RESULTS 

• A total of 31 individuals were included (Figure 1).

• 13 were male (41.9%) and 18 were female (58.1%).

• 3 patients (9.6%) were deceased at last follow-up (one each in 
PIGO,PIGV and PIGN-CDG).

• Age at diagnosis: 4.13 years (1 month – 28 yrs)    

• Duration of follow-up: 2.23 years (1 month -  6.3 yrs)

• Developmental delay was noted in all individuals (mild to profound); 
(Figure 2).

• Epilepsy was noted in 24/31 (77.4%), typically, with early-infantile 
onset epileptic encephalopathy, and included multiple seizures type. 
(Table 1, Figure 3). 

• EEG: Normal to severe abnormalities (multifocal epileptic discharges, 
hypsarrhythmia, LGS patterns).Few achieved seizure remission 
(levetiracetam monotherapy or Vit B6); majority drug-resistant despite 
polytherapy, ketogenic diet and VNS.

Figure 5: MRI at 3 months of age in a child with 
PIGN-CDG during a metabolic crisis-like episode. 
Diffusion Weighted Imaging (A-C) demonstrating 
symmetric high signals in central tegmental 
tract, superior cerebellar peduncle, mid brain 
posterior limb of internal capsule, globus pallidi
and periatrial white matter (blue arrows) with 
corresponding low signals in Apparent Diffusion 
Coefficient images (D-F) consistent with 
cytotoxic edema. MR spectroscopy in occipital 
white matter showing small lactate peak (red 
arrow in G).

Figure 4:Serial MRI Brain findings in a child with PIGA-CDG: Initial MRI completed 
at 1 month of age (A-C)  is normal. MRI completed at 5 months of age (D-F) 
demonstrated mild prominence of white spaces (CSF/fluid) around the brain 
consistent with mild atrophy, with further prominence in MRI completed at 2 
years of age (G-I) indicating further progression of brain atrophy. Note: Red 
arrows points to cerebellar atrophy and blue arrows points to cerebral atrophy.

• Age at seizure onset (n = 24): Infantile onset (<12 months) was 
observed in 70.9% (17/24), while 29.1% (7/24) had later onset 
(>12 months to  6 years).

• Additional neurologic findings included autistic features, ataxia, 
dystonia, hearing loss and congenital anomalies.

• Early mortality occurred in severe phenotypes in PIGO,PIGV and 
PIGN. 

• Neuroimaging findings demonstrated in Figure 4, 5 and table 3

Figure 2: Proportion of individuals with profound, moderate, and 
mild developmental delay for each gene. Percentages represent the 
distribution within each gene cohort; sample size for each gene is 
indicated in parentheses.

Table 3: Key brain MRI patterns. 

Table 1:Seizure control

Figure 3:Percentage of individuals with seizures by  gene

Seizure semiology (n = 24)

Generalized tonic–clonic 17 / 24(70.8%)

Myoclonic 14 / 24 (58.3%)

Absence / atypical absence 11 / 24(45.8%)

Atonic 10 / 24 (41.6%)

Focal 10 / 24 (41.6%)

Febrile seizures 9 / 24 (37.5%)

Status epilepticus 8 / 24 (33.3%)

1 month of age

5 month of age

2 years of age

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

PIGA(n=4)

PIGG(n=1)

PIGT(n=7)

PIGV(n=1)

PIGS(n=1)

PIGN(n=6)

PGAP1(n=1)

PGAP3(n=4)

GPAA1(n=1)

PIGO(n=3)

PIGW(n=2)

Seizures percentage

G
en

es

Seizure percentage by genes

Controlled Partially controlled Poorly controlled No seizures




