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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

CONGENITAL DISORDERS OF GLYCOSYLATION (CDG) 
BASIC SCIENCE, SELECTED DISORDERS, CLINICAL FEATURES AND THERAPIES

Biomarkers
https://www.youtube.com/watch?v=apFBPxfksV0

https://cdgcare.org/
Intro to CDG

https://vimeo.com/637115238

RESOURCES FOR YOUR PATIENTS:

Resources for you: FCDGC
https://www.rarediseasesnetwork.org/fcdgc

HUDSON FREEZE PhD, Sanford Burnham Prebys Medical Discovery Institute, La Jolla CA
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https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fvimeo.com%2F637115238&data=04%7C01%7Chudson%40sbpdiscovery.org%7C12f904aa7048457380cd08d993e117f7%7C0b162723004547deb0699f1a7aa955a1%7C0%7C0%7C637703417252595491%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=v16v1zn%2BVWoUw5Tg6bRnLlFDAkr4KdRXVH%2B9QvX8xm4%3D&reserved=0
https://www.rarediseasesnetwork.org/fcdgc
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Sex- and age-dependent genetics of longevity
in a heterogeneous mouse population
Maroun Bou Sleiman1†, Suheeta Roy2†, Arwen W. Gao1, Marie C. Sadler3,4,5,
Giacomo V. G. von Alvensleben1, Hao Li1, Saunak Sen6, David E. Harrison7, James F. Nelson8,
Randy Strong8,9, Richard A. Miller10, Zoltán Kutalik3,4,5, Robert W. Williams2*, Johan Auwerx1*

DNA variants that modulate life span provide insight into determinants of health, disease, and aging.
Through analyses in the UM-HET3 mice of the Interventions Testing Program (ITP), we detected a
sex-independent quantitative trait locus (QTL) on chromosome 12 and identified sex-specific QTLs, some
of which we detected only in older mice. Similar relations between life history and longevity were
uncovered in mice and humans, underscoring the importance of early access to nutrients and early
growth. We identified common age- and sex-specific genetic effects on gene expression that we
integrated with model organism and human data to create a hypothesis-building interactive resource of
prioritized longevity and body weight genes. Finally, we validated Hipk1, Ddost, Hspg2, Fgd6, and Pdk1 as
conserved longevity genes using Caenorhabditis elegans life-span experiments.

A
ging is a time-dependent functional
decline in molecular, cellular, and orga-
nismal homeostasis that is affected by
multiple environmental and genetic
factors (1). Genetic studies, such as loss

or gain of function or forward genetic screens,
have identified many of its conserved genes
and mechanisms (2, 3). From the metabolic
perspective, nutrient-sensing pathways such
as the growth hormone and insulin-like growth
factor axis (GH/IGF1), target of rapamycin
(TOR), adenosine 5´-monophosphate (AMP)–
activated protein kinase (AMPK), and sirtuins
control aging or affect longevity (1, 3). In ad-
dition to metabolic decline, other features
such as loss of proteostasis, increased genome
instability, changes in epigenetic marks, and
alterations in telomere length have been pro-
posed to promote aging (1, 4, 5). Here we used
an unbiased genetic andmolecular cross-species
approach to highlight drivers of aging, starting
with genetic mapping of loci that modulate

variation in life span in a large multicenter
andmultiyear four-way intercross of male and
female untreated control mice from the Inter-
ventions Testing Program (ITP).

Multicenter and multiyear analysis identifies
sex- and age-specific longevity loci

The ITP was funded by the National Institute
on Aging starting in 2004 to test putative
positive effects of dietary and drug interven-
tions on life span (healthy aging) (6, 7). For
each intervention, a large and sex-balanced
subcohort of control animals was aged until
close to natural death along with the treated
cases (8). All controls and cases were from a
four-way intercrossmadebymatingBALB/cByJ×
C57BL/6J F1 females—JAX Stock #100009—to
C3H/HeJ × DBA/2J F1 males—JAX Stock #
100004—the so-called UM-HET3 cross. Animals
were bred at three independent testing sites
(Jackson Laboratory, University of Michigan,
and University of Texas Health Science Center
at San Antonio) using F1 animals from the
Jackson Laboratory. The combination of a high
level of genetic heterogeneity, very large family
sample size, and balanced replication across
sites has led to an unprecedented resource of
longevity research (9). Tail biopsies were sys-
tematically collected from almost all mice, thus
enabling the genotyping and subsequent genetic
analyses presented here (8) (Fig. 1A).
We generated genotype data on 3276 mice,

including 2356 control and 920 drug-treated
mice (fig. S1, A and B, and data S1). The treated
cases included animals subjected to 20 differ-
ent drugs that had no population-level influ-
ence on longevity; this complexity renders the
statistical inference of genetic and drug ef-
fects more challenging, and we therefore used
this group in combination with the controls in

supplementary quantitative trait locus (QTL)
analyses. In addition to being a genetically
heterogeneous panel with a wide range of
variation in longevity and body weight, the
cohort (year of birth) and site have effects on
body weight and longevity (most prominently
in males) despite all efforts of standardization
(10) (fig. S1, C and D). To avoid biases due to
these nongenetic effects, we accounted for
center and year in all analyses.
As previously shown in the UM-HET3 cross

(10), females have a higher median life span
than males (female median = 886 days, 95%
confidence interval (CI) [871–897], male
median = 836 days, 95% CI [816–851]), with
the largest difference in the survival curves at-
tributable to increased early mortality in males
between ages of about 300 and 800 days.
Between 800 and 1000 days, females have
a higher rate of mortality (fig. S1B). As of
1000 days, mortality rates are similar, indicat-
ing similar hazard rates at later ages and
similar maximum longevity (fig. S1, A to C).
Given such age- and sex-specific hazards, we

asked whether segregating loci affect life span
in both sexes at all ages or whether sex- and
age-specific effects are predominant (fig. S2).
To determine whether genetic loci are sex
specific, we performed four QTL mapping
analyses: for each sex separately, and for the
combined dataset with and without sex-by-
genotype interaction term. To accommodate
the multicenter and multiyear study design,
we used mixed-effects Cox models with site
and cohort as random effects and sex as
fixed effect when appropriate. To assess the
statistical significance of the results, we cal-
culated empirical p values for the associations
based on permutations (8) and characterized
QTLs with p < 0.2.
A genome scan including both sexes identi-

fied a single QTL at chromosome 12, which
may be a previously described locus in the
UM-HET3 and BXD cohorts (Fig. 1B, data S2,
and table S1) (11, 12). We also detect one sig-
nificant female-specific locus at chromosome
3 (p = 0.006) but no significant exclusive male
loci. There is no evidence for sex-by-haplotype
interaction, which may be related to power
limitations due to sample size.
Early male mortality raised the possibility

that some early pathologies or behavioral fac-
tors, possibly genetically driven, may mask
genetic effects on longevity. Previously, this
potential confounding was dealt with through
removal of data from mice with early deaths,
and this strategy has proven to be useful in
identifying longevity-associated QTLs (11). We
therefore performed successive QTL scans by
removing increasing proportions of early deaths
(Fig. 1C). To define peaks in these scans based
on smaller subsets of the mice, we also relaxed
the significance thresholds from0.05 to 0.2. This
approach revealed that the female chromosome3
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scientific and medical professionals confuse Glycosylation and Glycation
strains and C3 and cBy being the closest pair
(Fig. 4F). This genetic relatedness, coupledwith
the cross design, implies that some haplotype
combinations are more likely to have HSE
than others, simply because of differences in
the abundance of variants enabling HSE infer-
ence (Fig. 4, E and F). Specifically, it is more
likely to detect HSE in genes in mice that are
carrying the Bmaternal allele, as the B6 strain
is genetically the most distant from the three
other strains.
We compared the results of HSE sepa-

rately on different subsets (males of both ages,
females of both ages, young adults of both
sexes, old of both sexes) by finding overlaps
of genes with HSE (Fig. 4G). The largest set
of genes (n = 504) is the intersection of all
subsets and consists of genes that have HSE
independent of sex or age, likely ones with
robust determinants in cis. The next largest
set (n = 184) is male specific, followed by one
that is specific to oldmice (male and female),
suggesting that some of the observed HSE
effects may be mediated by sex- or age-specific
factors.

Cross-species search of candidate genes
implicated in longevity modulation

Having identified QTLs for body weight and
longevity, gene expression differences by sex
and age, and HSE for different ages and sexes,
we combined all this information to catalog
and develop a simple scoring scheme for genes
under QTLs (8) (table S2, Fig. 5, and data S6).
Because genetic variation can affect a protein-
coding gene’s function, we examined whether
genes have high-impact variants (HIVs) that
may affect their splicing or coding potential
in one of the parental strains. We further
determined whether these variants segregate
in the UM-HET3 in a way that is consistent
with the observed QTL effect. We postulated
that genes under the QTL with age-related
differential expression (DE) could be of inter-
est in hypothesis building, even if DEmay be a
result and not a cause of aging, so we inves-
tigated whether the gene is differentially
expressed in the liver dataset. Finally, to detect
regulatory variant effects on gene expression,
which could be driving the QTL signal, we
asked whether the genes exhibit HSE.
Going beyond UM-HET3, we expanded the

search toward other mouse and model orga-
nism databases. We examined whether QTL
genes are differentially expressed in all the
tissues of Tabula Muris Senis (TMS) (34) and
gave an additional point if they are differen-
tially expressed in multiple tissues. In addition,
we extended the search tomodel organisms and
cross-referenced the genes and their orthologs
with the GenAge database, which contains a
curated list of longevity genes (39). Additional
points were given if a gene is a known longevity
gene in mice or in more than one species.

In addition to analysis of mouse data, we
also characterized the genes’ human orthologs
by mirroring the available mouse data gen-
erated in this study that span the genetic, gene
expression, and genetically driven gene expres-
sion (8). First, we checked for age-associated
DE in all GTEx tissues (40). Additional points
were given if the gene is differentially expressed
in more than one tissue. Then we looked at
whether there is any human genome-wide
association study (GWAS) hit for longevity
(or BMI for the mouse body weight QTLs). To
establish genetic links between gene expres-
sion and BMI and longevity, we performed
transcriptome-wide Mendelian randomiza-
tion (TWMR) (41). The combination of all these
data serves as a hypothesis-building knowledge
base for longevity and bodyweight genes. Figure
5B shows genes with a minimum score of 5
under the longevity QTLs of females, andmales
with 20% and males with 80% truncation,
representing early and late determinants of
male longevity (data S6 includes all the an-
notations and scores). Although the results of
this investigation cannot attribute causal roles
to these genes in longevity modulation, they
provide valuable candidates for in-depth me-
chanistic studies that capitalize on our system’s
genetics observations. We illustrate this by per-
forming survival analyses in C. elegans to test
whether RNA interference (RNAi)–knockdown
of the worm orthologs of the top-scoring genes
would modulate longevity, therefore highlight-
ing interesting genes for follow-up (Fig. 5C
and fig. S6).
In the female longevity locus on chromo-

some 3, the five highest-scoring genes are Ctss,
Ecm1, Fcrl1, Hipk1, and Etv3 (aggregate score ≥
5; Fig. 5B and data S6). Among those, we could
validate the orthologs of Ctss (K02E7.10 and
Y113G7B.15) and Hipk1 (hpk-1) in the worm
and find that hpk-1 RNAi significantly reduces
life span (p<0.0001; Fig. 5C and fig. S6). Indeed,
hpk-1 is already annotated as a worm pro-
longevity gene in GenAge (42), and the tran-
scriptional cofactor that it encodes has been
shown to maintain proteostasis and extend
longevity (43). The ETS Variant Transcription
Factor 3 (Etv3), which has an HIV with segre-
gation patterns concordant with longevity and
is differentially expressed in UM-HET3 and in
TMS, has not been implicated in mammalian
aging. However, the Drosophila ETS family
members, Aop and Pnt, have been found to
control longevity (44). Similarly, Ctss has HIV,
HSE, and is differentially expressed in mul-
tiple TMS tissues, yet has not been implicated
in mammalian aging. More in-depth studies
would be required to assess the roles of the
top-scoring genes.
For the early male longevity QTLs excluding

20% of deaths, the top-scoring genes are Alpl,
Eif4g3,Ece1,Pafah2,Hspg2, andDdost (aggregate
score > 5; Fig. 5B and data S6). The highest-

scoring gene is the tissue-nonspecific or liver,
bone, kidney-type alkaline phosphatase (Alpl)
gene that also harbors an HIV, exhibits HSE
but has a decreasing expression in theUM-HET3
liver, and is differentially expressed in GTEx
adipose tissue. More investigation is required
to confirm this gene and establish a mecha-
nistic link with longevity. We tested orthologs
of all genes except Alpl, which does not have a
worm ortholog, and found that unc-52 (Hspg2)
and ostb-1 (Ddost) RNAi both significantly shorten
life span (p < 0.0001; Fig. 5C and Fig. S6). Al-
thoughunc-52 is already known to affectworm
life span (45, 46), ostb-1 or its ortholog (Ddost)
has not yet been directly linked to longevity.
However, Dolichyl-diphosphooligosaccharide–
protein glycosyltransferase noncatalytic sub-
unit (DDOST) is implicated in processing
advanced glycation end products (AGEs) (47),
which accumulatewith age and exacerbate the
aging phenotype (48). In the UM-HET3, the
gene has HIVs as well as HSE, which may
affect rates of AGE processing and ultimately
longevity.
In the late male longevity QTLs excluding

80% of deaths, 11 genes have an equal ag-
gregate score of 5: Ank3, Slc25a3, Vezt, Stab2,
Gnptab, Tdg, Fgd6, Slc17a8, Abcb11, Slc25a12,
and Pdk1 (Fig. 5B and data S6). We tested the
orthologs of Ank3, Slc25a3, Fgd6, Slc17a8,
Abcb11, Slc25a12, and Pdk1 in C. elegans (Fig.
5C and fig. S6). Of those, tag-77 (Fgd6) and
pdhk-2 (Pdk1) shortened and increased life
span, respectively (p = 0.0019 and p < 0.0001).
Whereas the tag-77RNAi life-span reduction is
modest compared with the other significant
RNAi effects (~14% reduction in median and
maximum life span), a locus near human FGD6
(rs12830425) has been recently found to be
associated with health span, life span, and
exceptional longevity, rendering it a very inte-
resting cross-species aging and longevity candi-
date gene (49). Pyruvate dehydrogenase kinase
1 (Pdk1) regulates cellular energetics, as its
kinase activity inactivates pyruvate dehydrogenase
(PDH) activity, thereby shutting down glucose
oxidation in the mitochondrion. In agreement
with our results, RNAi andmutations in pdhk-
2 have been previously shown to extend worm
life span (50). As PDH complex has been
proposed to be a therapeutic target for age-
related diseases, Pdk1 modulation may be ap-
pealing as an anti-aging intervention because
it is a known target of dichloroacetate (51). Some
of the top-scoring latemale longevity QTL genes
encode mitochondrial proteins (Slc25a3,
Slc25a12, Pdk1). Mitochondrial dysfunction
has been extensively linked to growth and
longevity regulation in model organisms (52–54).
In addition to their metabolic role, mitochondria
affect other features of aging such as epigenetics
and proteostasis, hence acting as a central hub
in the aging process (4, 5). As a case in point,
mitochondrial health is associated with a 31%
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

DEFINITIONS AND TERMS:

• Glycosylation is the biosynthetic process of creating and adding sugar 
chains (glycans) to proteins and lipids. NOT glycation—that’s HbA1c.

• Glycosylation occurs in every cell of every organism on Earth
• CDG are metabolic disorders that impair the normal initiation, 

transfer or completion of functional glycans.
• Currently >170 different types of CDG; all are rare, most are ultra rare

CDG NOMENCLATURE:  Gene name-CDG
PREVIOUSLY: Type I( a,b,c etc), Type II (a,b,c etc) 

BEST APPROACH TO CDG DIAGNOSIS
Exome or Genome Sequencing + Biochemical Analysis

WHEN TO TEST FOR  CDG?
“Every time you suspect it…and every time you don’t”,  J. Jaeken



Europe: Leuven and Lund
CDG Centers of Excellence
Work together with the patient associations

Biomarker discovery/improve diagnostics
Biobank 

Natural history studies
Patient reported outcomes

Clinical trials

Education/knowledge sharing

RFAs 

U54NS115198 from the National Institute of Neurological Diseases and Stroke (NINDS) and the National Center for 
Advancing Translational Sciences (NCATS)  https://www.rarediseasesnetwork.org/fcdgc

Undiagnosed Disorders Network  TR002471-03
International Centers are being added in Europe

PI,  Eva Morava MD PhD

https://www.rarediseasesnetwork.org/fcdgc
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learning more, please contact one of the clinical sites, found here: https://www.rarediseasesnetwork.org/fcdgc/sites 

YOUR CONTRIBUTIONS ARE WARMLY ACCEPTED
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> 295 total cases enrolled

https://www.rarediseasesnetwork.org/fcdgc/sites
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Activated sugars from de novo, diet or salvage pathways



GLYCOSYLATION PATHWAYS: COMMON FEATURES

• Activated sugars from de novo, diet or salvage pathways
• Requires:

• Glycosyltransferases—enzymes that add activated sugars 
• Nucleotide sugar donors 
• Transport into Golgi 
• Highly organized dynamic Golgi—proper trafficking
• Co-localized transferases, donors, acceptors
• Metal ions, Mg+2, Mn+2 
• Proper intra-vesicular pH



Common Classes of Animal Glycans

Chapter 1, Figure 6. Essentials of Glycobiology, Third Edition 

Symbol Nomenclature for Glycans (SNFG)
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PATHWAYS AND CLIENT PROTEINS/LIPIDS

• N-linked—GlcNAc-Asn— nearly all membrane and 
secreted proteins

• O-linked—Ser/Thr
• O-GalNAc—mucins &>600 proteins, 1-2 glycans
• O-Mannose-a-dystroglycan
• O-Fucose—EGF or TSR1 modules, Notch, ADAMTS
• O-Glc—Notch, Delta, Jagged signaling
• O-Xylose—GAG chains, heparan, chondroitin sulfate, 

heparin
• O-GlcNAc—regulates activity of 1000’s of 

cytoplasmic/nuclear proteins
• GPI-Anchor~ 150 Transmembrane proteins, found in 

lipid rafts
• GSL— Glycolipids also in membrane lipid rafts

Some proteins contain multiple types of glycans
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ESI-MS OF TRANSFERRIN: A Key to Identifying Many CDG Patients
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EXAMPLE OF LOSS OF SPECIFIC SUGARS



CDG patient missing both entire glycans AND individual sugars

normal

NOW MANY PATIENTS HAVE BEEN IDENTIFIED WITH THIS PATTERN
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MPI

PMM2

Man

Man-1-P

Man-6-P

Glycolysis

Glc

BASIC BIOCHEMISTRY OF COMMON TYPES OF CDG

MOST COMMON CDG TYPES
Number of known patients
ALG1 –59 *
ALG3—26
ALG6—89
ALG13—60 *
DPAGT1—39
PGM1—60 *
PMM2-~1000*
PIGA—80 *
SLC37A2—65 *
MPI—37 *
NGLY1—60*



Figure from Genetics in Medicine(2020) 22:268–279; https://doi.org/10.1038/s41436-019-0647-2 

Organ Systems Affected by Congenital Disorders of Glycosylation

All cell types and 
organs are 
affected by the 
glycosylation 
defect

Growth failure
Hypothyroidism

                                                  

Updated August 18, 2021 

 
 
 
Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 



SOME PATIENTS HAVE COAGULOPATHY, HEPATIC FIBROSIS AND 
PROTEIN-LOSING ENTEROPATHY

Collaboration with Thorsten Marquardt, University of Munster
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Therapy for MPI-CDG (-Ib)

CDG defect   sugar transporter     Man     GlcNAc

-6-P

-1-P GDP-

Dol-P-

Fru-6-P
MPI

PMM22-4%
>95%

Mannose improves most symptoms, but some patients may require liver transplant



Classic clinical presentation in PMM2-CDG

Muscle hypotonia

Developmental delay/Speech delay
Epilepsy/encephalopathy/SLE

Ataxia/vermis atrophy

 Neuropathy

Normal vermis               Vermis atrophyCharacteristic facial features

Strabismus

Abnormal fat distribution/Inverted nipples

Long fingers

Failure to thrive

Endocrine failure
Coagulation abnormalities
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

PMM2-CDG
Prevalence: 1/20,000-1/50,000
Discovery:  1980
Biochemical defect: Mannose-6-PàMannose-1-P
Pathogenesis: deficient GDP-Man and Dol-P-Man effecting 100’s of proteins
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Therapy in PMM2-CDG

Symptom specific
Hormone supplements/Diazoxide
Fresh frozen plasma/Factor supplements
Seizure treatment
OT/PT/ST
Hydration, tube feeding

Organ specific
Surgery (skeletal, cardiac, etc.)
Transplantation

Experimental 
• Off label use (Acetazolamide)1 
• Chaperones2

• Small molecules
• Drug repurposing
• Preclinical “activated sugar therapy”
• Preclinical gene therapy 

1. Martinez-Monseny, 2019 doi: 10.1002/ana.25457
2. Vilas A, 2020, doi: 10.1016/j.bbadis.2020.165777



                                                  

Updated August 18, 2021 

 
 
 
Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

papers collected in a shared folder in Dropbox which was cre-
ated by the research team and included more than150 peer-
reviewed papers. The teamwork was divided into a clinical
and a diagnostic group. The data were collected and summa-
rized based on the major system/organ involvement and the
statements were written based on the frequency of each sign/-
symptom. The following systems were reviewed: antenatal

presentations, dysmorphology, neurology, ophthalmology,
cardiology, gastroenterology, hepatology, nephrology, hema-
tology, endocrinology, immune system, audiology, skeletal
features, lipid metabolism and adult presentations.

Summary of the phenotypes and the proposed recom-
mendations: ordered by system involvement (Table 1 and
Tables S2, S3).

TABLE 1 Suggested surveillance for PMM2-CDG patients

Systems
At diagnosis, if not
previously obtained

At follow up 1-2 years
interval and as needed

As needed depends on
the symptoms

Neurology

Developmental and cognitive assessment ✓ ✓ ✓

Electroencephalogram ✓

Brain MRI ✓ ✓

Audiology ✓ ✓

Endocrine

Height ✓ ✓

Calcium, magnesium and phosphate ✓ ✓

Gonadotropins ✓ ✓ ✓

Glucose ✓

Insulin and other labs in case of hypoglycemiaa ✓ ✓

Thyroid function ✓ ✓ ✓

Cardiology

Echocardiogram ✓ ✓

Electrocardiogram ✓ ✓

Holter ✓

Cardiac MRI ✓

Gastroenterology

Growth and anthropometric parameters ✓ ✓

Swallowing evaluation ✓

Transaminases ✓ ✓ ✓

Hematology

Complete blood counts and differential ✓ ✓ ✓

Coagulation factors ✓ ✓ ✓

Renal

Creatinine ✓ ✓ ✓

Protein ✓ ✓

Immunology ✓

Ophthalmology

Exam ✓ ✓ ✓

Electroretinogram ✓

Skeletal ✓ ✓

Psychiatric evaluation ✓

Abbreviations: PMM2-CDG, phosphomannomutase 2-congenital disorders of glycosylation; MRI, magnetic resonance imaging.
aSee the full paper for the suggested labs.
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The Role of Aldose Reductase (AR) 
inhibitors in PMM2-CDG

• PMM2 worm model was used to screen small molecule libraries
• AR inhibitors, including epalrestat increased PMM2 activity in worms
• The AR inhibitor epalrestat increased PMM2 activity patient fibroblasts

. Iyer et al Disease Models & Mechanisms 2019, Ligezka et al, ANA, 2021 Courtesy of Eva Morava



AR inhibitor epalrestat increased 
PMM2 activity in worms and patient 
fibroblasts

Aldose Reductase inhibition might increase G1,6BP stabilizing PMM2 

Altered sugar flux can increase GDP mannose availability

Reversing redox potential changes might improve secondary PMM2 dysfunction
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2. Morava editorial Nature Genetics 2020; . 1. Iyer et al Disease Models & Mechanisms 2019

Glycosylation Sugar Activation Assembly
Protein 

Glycosylation

Courtesy of Eva Morava



measuring mannose metabolites

Glucose-1,6 P2

3. Ligezka and Radenkovic et al, Annals of Neurology, 2021, 90: 887-900;  Radenkovic Cell Report Med 2023  PMID: 37257447, 
Courtesy of Eva Morava



measuring polyols

3. Ligezka and Radenkovic et al, Annals of Neurology, 2021: Radenkovic  et al 2023 Courtesy of Eva Morava



Sorbitol elevated in most PMM2-CDG patients’
urine and correlates with disease severity

Dr Kimiyo Raymond

3. Ligezka and Radenkovic et al, Annals of Neurology, 2021, in press
Courtesy of Eva Morava



Single patient trial

ICARS score
improved 13%

Recruited 38 patients for Phase IIb clinical trial (NCT04925960)

Courtesy of Eva Morava



                                                  

Updated August 18, 2021 

 
 
 
Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

Martinez-Monseny, et al, Ann Neurol 2019;85:740-751
• Ataxia is large burden for PMM2 patients
• Stroke-like episodes causing hemiparesis
• Acetazolamide (carbonic anhydrase inhibitor) improves PMM2 patients:

•  International Cooperative Ataxia Rating Scale (ICARS)
• Nijmegen Pediatric CDG Rating Scale  (NPCRS)
• Cognition scores and syllable repetition test PPATA)

• Recruiting for US Clinical Trials  (NCT04679389)
• Natural History trials (NCT03173300)

Other planned clinical trials for PMM2-CDG
• Liposome encapsulated Mannose-1-P for IV injection—Phase 1, 2023

Acetazolamide to the Rescue

ADDITIONAL THERAPY FOR PMM2-CDG



-In vitro studies: GDP mannose
-Increase in glycosylated proteins
by glycoproteomics

PMM2

Liposomal M-1-P 
targeting



GLM101-002 Study Design & Primary Objective, Endpoints

Weekly infusions

Primary Objective: Gain adult patient exposure and select dose for future pediatric studies

Primary Endpoints: Evaluate changes in ATIII and FXI in adult participants with PMM2-CDG

Secondary Endpoints: Safety, PK, clinical labs

Exploratory Endpoints: Transferrin ratios, Glycomics, Mannose, GDP-mannose

2424 26 28
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in fibroblast cultures from patients by means of 
Western blotting and immunofluorescence analy-
sis with the use of a monoclonal anti–ICAM-1 
antibody (see the Supplementary Appendix). Green 
fluorescent protein engineered for retention in the 
endoplasmic reticulum was modified to contain 
an N-glycosylation site that, when glycosylated, 
causes loss of f luorescence (Glyc-ER-GFP).11

Glyc-ER-GFP was transfected into patient fibro-
blasts in culture, and fluorescence was mea-
sured by means of quantitative microscopy (see 
the Supplementary Appendix).

SUGAR METABOLITE AND GLYCOGEN QUANTIFICATION
The nucleotide sugars uridine diphosphate 
(UDP)–glucose and UDP-galactose were extract-
ed from cultured fibroblasts and erythrocytes 

from patients and were quantified by means of 
reverse-phase high-performance liquid chroma-
tography (see the Supplementary Appendix).12,13

Glucose-1-phosphate was analyzed by means of a 
photometric method (see the Supplementary Ap-
pendix), and galactose-1-phosphate was assayed 
with the use of 14C-labeled UPD-glucose.14 Gly-
cogen was extracted from fibroblasts and digested 
with amyloglucosidase as described previously.15

The total amount of glucose was analyzed by means 
of gas chromatography–mass spectrometry.16 Gly-
cogen content in fibroblasts from patients was also 
assessed by means of electron microscopy (see 
the Supplementary Appendix).

GALACTOSE SUPPLEMENTATION IN CULTURE
Galactose (Sigma-Aldrich) was added to fibroblast 
culture medium to increase the concentration of 
intracellular UDP-galactose by means of the galac-
tose-1-phosphate uridyltransferase (GALT) reac-
tion (Fig. 2). The concentration used was 0.5 mM.

DIETARY SUPPLEMENTATION
Galactose powder was supplied by Falcento. Ga-
lactose levels in whole blood were determined in 
a healthy volunteer after the oral consumption of 
250 ml of water in which 0.3 g of galactose per 
kilogram of body weight had been dissolved. 
Measurements of galactose levels in blood were 
made by means of spectrophotometry at intervals 
of 10 minutes during the first hour and at inter-
vals of 30 minutes for an additional 3 hours. Lac-
tose or galactose supplementation was adminis-
tered as an aqueous solution at a dose of 0.5 to 
1.0 g per kilogram per day, divided into three to 
six daily doses (on the basis of patient preference).

SCREENING ASSAY
To develop a potential presymptomatic screening 
test for phosphoglucomutase 1 deficiency, we 
developed a modified version of the Beutler test, 
which is used with Guthrie heel-prick test cards 
(dried blood spots) to screen for galactosemia. 
The Beutler test is dependent on the generation 
of glucose-1-phosphate and its metabolites by 
means of the GALT reaction (Fig. S2 in the Sup-
plementary Appendix). We substituted glucose-
1-phosphate for the substrate in the assay. We 
also developed a similar assay using glucose-
6-phosphate, which we anticipated would bypass 
the enzyme defect in phosphoglucomutase 1 
deficiency.

Glycosylation
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GALE

GALT

UDP

Glucose

Lactate
Complex

carbohydrates

UDP

Glycogen synthase

Glycogen
phosphorylase

Glycogen metabolism

PGM1

Glycogen

UDP

UGP

1-Phosphate1-Phosphate

6-Phosphate
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Energy, fatty acids

Various 
reactions

Figure 2. Role of Phosphoglucomutase 1 in Sugar Metabolism.

When blood glucose is low, glycogen degradation (yellow box) generates 
glucose-1-phosphate, which is converted by phosphoglucomutase 1 (PGM1) 
to glucose-6-phosphate for glucose release from the liver or subsequent 
catabolism in other tissues. In the reverse reaction, glucose-6-phosphate 
is converted to glucose-1-phosphate by means of PGM1 and is used as a 
substrate in the production of uridine diphosphate (UDP)–glucose, which 
can be used for the synthesis of glycogen or for protein glycosylation. Dietary 
galactose may be converted to UDP-galactose by galactose-1-phosphate uridyl-
transferase (GALT) and used for protein glycosylation. UDP-galactose may 
also be converted into UDP-glucose by UDP-galactose epimerase (GALE). 
The GALT reaction is reversible; for clarity, only one direction of the coupled 
GALT reactions is shown. UGP denotes UDP-glucose pyrophosphorylase.
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was reported in all but four patients. Two girls 
had hypogonadotropic hypogonadism with de-
layed puberty. Hypoglycemia was common, es-
pecially in childhood, requiring treatment with 
frequent meals, complex carbohydrates, or over-
night tube feeding.

TRANSFERRIN GLYCOSYLATION
Transferrin analysis by means of isoelectric fo-
cusing, supplemented by SDS-PAGE data, revealed 
that the affected family members in the other 
families had a distinctive pattern of glycosylation, 
as did the two siblings in the index family (Fig. S1 
in the Supplementary Appendix). Mass spec-

trometry revealed the presence of a variety of 
transferrin glycoforms, including forms lacking 
one or both glycans as well as forms with trun-
cated glycans (Fig. 3A). There was considerable 
variation in the transferrin-glycoform profile 
among the patients (Fig. S4 in the Supplementary 
Appendix).

GENETIC IDENTIFICATION OF 
PHOSPHOGLUCOMUTASE 1 DEFICIENCY

Homozygosity mapping of the two affected sib-
lings in the index family identified autosomal 
regions of homozygosity totaling 87.5 mega-
bases (Fig. S5 in the Supplementary Appendix). 
Whole-exome sequencing identified 1516 sequence 
variants within the regions of homozygosity. 
These variants were filtered to identify 10 genes 
carrying homozygous nonsynonymous muta-
tions that had not already been identified as 
polymorphisms. Two of these genes were con-
sidered to be of potential functional relevance, 
but only the mutation in PGM1 cosegregated 
with disease. Independently, functional filter-
ing of whole-exome sequencing data for poten-
tial CDG-I candidate genes in another patient 
(Patient 6 in Table S1 in the Supplementary Ap-
pendix) led to the identification of a homozy-
gous PGM1 mutation.

A total of 21 different PGM1 mutations were 
identified in 16 families. Nine patients were 
compound heterozygotes; all others were homo-
zygotes. The locations of the individual muta-
tions with respect to the structural domains of 
the phosphoglucomutase 1 protein are shown in 
Fig. S6 in the Supplementary Appendix.

PHOSPHOGLUCOMUTASE 1 EXPRESSION  
AND ACTIVITY

Quantification of PGM1 mRNA was performed 
for 11 patients and showed considerable variation 
in expression (Fig. S7 in the Supplementary Ap-
pendix). Only two homozygous premature stop 
variants with predicted nonsense-mediated decay 
showed mRNA levels that were less than 10% of 
those in healthy controls. Likewise, Western blot-
ting of phosphoglucomutase 1, performed for 13 
patients, showed various amounts of protein 
(Fig. S8 in the Supplementary Appendix). Assays 
for phosphoglucomutase 1 enzyme activity, how-
ever, showed markedly decreased activity in all 
17 patients who were tested, amounting to at 
most 12% of the activity seen in controls (Table 
S1 in the Supplementary Appendix).
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Figure 4. Overview of Clinical Features of PGM1 Deficiency.

Most patients had a bifid uvula (Panel A). Symptoms or findings related to 
PGM1 deficiency are listed according to frequency (Panel B). Hepatopathy 
was defined as elevated aminotransferase levels, steatosis, fibrosis, or a 
combination of these features. Myopathy was defined as a maximal creatine 
kinase level of more than 300 U per liter. Growth retardation was defined as 
a height at or below the 5th percentile. Hypoglycemia was defined as a 
fasting glucose level of less than 2.2 mmol per liter (40 mg per deciliter).
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International consensus guidelines for phosphoglucomutase 1 deficiency (PGM1-
CDG): Diagnosis, follow-up, and management. Altassan, R et al,  J Inherit Metab 
Dis. 2020;1–16. 

skeletal myopathy.1 In contrast, in 1988 Sugie et al
reported PGM1 deficiency in an infant with recurrent
vomiting, failure to thrive and hepatopathy.2

PGM1 deficiency is caused by biallelic pathogenic var-
iants in PGM1, which encodes PGM1, the predominant
isoform of the PGM family. In most cell types, it contrib-
utes approximately 90% of total PGM activity and is
expressed ubiquitously in different tissues. In contrast,
PGM1 is absent in red blood cells, where PGM2 is the
predominant isoform.3

PGM1 catalyzes the interconversion of glucose
1-phosphate and glucose 6-phosphate,1 and is involved in
several crucial metabolic pathways, including: glycolysis,
glycogenolysis, glycogenesis and N-linked glycosylation.3

This disorder was first categorized as a GSD5and only
later as a CDG.6

PGM1-CDG presents as two major phenotypes: a pri-
mary myopathic one and a multisystem one. The latter
involves congenital malformations (cleft palate, bifid
uvula, cardiac valve anomalies, anal atresia, and verte-
bral anomalies), variable endocrine and hematological
abnormalities, cardiac, muscle, and hepatic involve-
ment.7 The prevalence of PGM1-CDG is unknown. Fifty-
seven molecularly confirmed PGM1-CDG patients have
been reported from different ethnicities.

PGM1-CDG is one of the few CDG types with an
effective treatment in the form of D-galactose.3 This
monosaccharide can restore glycosylation in PGM1-CDG
patients by replenishing the depleted pools of UDP-
glucose and UDP-galactose necessary for N-glycosylation
and can improve several symptoms.8 Early diagnosis and
treatment with D-galactose is thus essential for these
patients. To facilitate the diagnosis and management of
PGM1-CDG, we offer detailed guidelines specifically
focusing on the affected organ systems, diagnostic tools
and treatment with D-galactose.

2 | METHODOLOGY

An international group of experts in CDG reviewed the
evidence base and developed management guidelines. A
PubMed database search was performed from the date of
the first clinical description until December 2019 using
the following terms: carbohydrate-deficient glycoprotein
syndrome OR congenital disorder of glycosylation type It
OR PGM1-CDG OR phosphoglucomutase 1 deficiency.
Congenital malformations, as well as neurological, oph-
thalmologic, cardiac, endocrine, hematological, immuno-
logical, gastrointestinal, hepatic, and musculoskeletal
systems were reviewed. Next, a consensus regarding diag-
nosis, treatment, and management was developed in each
area. For the most part, the evidence and resulting

recommendations are considered experts' opinions because
additional levels of evidence were not available in the liter-
ature. Evidence levels were classified in accordance with
the Scottish Intercollegiate Guidelines Network (SIGN)
methodology (http://www.sign.ac.uk) (Table S1).

3 | RESULTS

Thirty-five articles were found through PubMed database
search: 13 case reports, 9 case series, 7 diagnostic papers
and 6 reviews. A review of the 57 molecularly confirmed
PGM1-CDG patients, common phenotype, molecular
data, and suggested surveillance are summarized in Fig-
ure 1 and Table 1

3.1 | Systems summaries and statements

3.1.1 | Congenital malformations

Of 57 patients with PGM1-CDG reported to date, cleft
palate was the most commonly reported anomaly
(n = 28), followed by bifid uvula (n = 25) and Pierre-
Robin sequence (n = 15). The term “first branchial arch
syndrome”9 was also used to describe the findings of a
patient later reported as having Pierre-Robin sequence.10

FIGURE 1 Most common laboratory findings in PGM1-CDG

SYNOPSIS

These international consensus guidelines provide a
practical, evidence-based resource for health care
providers to facilitate successful diagnosis and opti-
mal management of PGM1-CDG patients.

ALTASSAN ET AL. 3

In the largest cohort published to date, the presence of
either bifid uvula, cleft palate, or Pierre-Robin sequence
was identified in 23/27 patients.10 Other findings occa-
sionally reported include prominent forehead, small face
and depressed nasal bridge,11 hypertelorism, short neck,
retrognathia, smooth philtrum and low set ears,12 dys-
morphic ears, preauricular tissue,13 undescended testes,14

foreshortened esophagus,15 anal atresia, and a missing
lumbar vertebra.10

Presentation (statement #1: grade of
recommendation C)
PGM1-CDG can present with facial dysmorphic features,
including micrognathia or retrognathia, bifid uvula, cleft
hard palate, or full Pierre-Robin sequence. The combined
frequency of these findings is 85%.

Diagnosis and follow-up: (statement #2: grade of
recommendation D)
Assessment by a clinical geneticist (evaluating for dys-
morphic features) should be done at the time of the diag-
nosis. If bifid uvula or cleft hard palate is found,

evaluation by a craniofacial specialist is warranted. If
Pierre-Robin sequence is present, evaluation by an otolar-
yngologist is warranted, as surgery may be required to
ensure airway patency. Ideally, management should take
place at a multidisciplinary craniofacial clinic, with
access to specialists in otolaryngology, oral and maxillofa-
cial surgery, plastic surgery, speech-language pathology,
and dentistry.

Treatment: (statement# 3: grade of recommendation D)
There is no disorder-specific management for congenital
malformations in PGM1-CDG patients. Standard care for
cleft palate and Pierre-Robin sequence should be pur-
sued, such as surgical repair, feeding intervention, and
speech therapy.

3.1.2 | Neurological involvement

Neurological involvement is not a frequent presentation
of PGM1-CDG. Normal neurodevelopment was reported
in 17 PGM1-CDG patients. Motor delay was described in

TABLE 1 Clinical presentation in patients with PGM1 deficiency and suggested surveillance

Phenotype Suggested surveillance frequency

Congenital
malformations

Cleft palate, micrognathia, bifid uvula,
Pierre Robin sequence, vertebral
malformations, anal atresia

Complete physical examination at the time of diagnosis and referral to
necessary services

Neurological Cognitive delay, seizure Complete physical examination at the time of diagnosis and yearly
developmental assessment, especially in patients who had suffered
hypoglycemia attacks. EEG and brain MRI if clinically indicated

Ophthalmological Strabismus, abnormal eye movements,
nasolacrimal duct obstruction, and/or
epiphoria

Eye exam at the time of diagnosis and monitoring if clinically indicated

Endocrine Hypothyroidism, hypogonadotropic
hypogonadism, delayed puberty,
hyperinsulinemia

Assessment of growth at the time of diagnosis and on follow-up. Serum
levels of IGF-1, IGFBP3, TGB, and TSH at the time of diagnosis and
regularly monitored.

Serum cortisol and ACTH levels at the time of diagnosis; further on if
clinically indicated

Cardiac Cardiomyopathy (dilated cardiomyopathy),
structural, and conductive heart
abnormalities

Electrophysiology (ECG) and echocardiography at the time of diagnosis
and monitored if clinically indicated. Annual cardiac screening in
childhood and adolescence.

Muscle Exercise intolerance, myopathy,
rhabdomyolysis

CK at the time of diagnosis, then if clinically indicated (during acute
illnesses); neurophysiological study if clinically indicated

Liver Elevated transaminases, steatosis,
cholestasis, fibrosis, acute hepatic failure

Transaminases and hepatic function at time of diagnosis and monitored
regularly

Hematological Antithrombin III, factors XI, VII, IX, X,
and XI deficiencies low proteins C and S,
increased PT and prolonged aPPT

Coagulation profiles at the time of diagnosis and monitored regularly

Metabolic Hypoketotic and ketotic hypoglycemia Glucose level at the time of diagnosis and during illnesses with urine
ketones and insulin levels

Other Malignant hyperthermia Caution is advised with anesthesia prior to surgeries

4 ALTASSAN ET AL.

PGM1-CDG



Phosphoglucomutase 1 deficiency 
(PGM1-CDG)

Hypoglycemia, hyperinsulinism, bleeding disorder 
cardiomyopathy

Radenkovic et al, AJHG, 2019 Courtesy of Eva Morava



Wong, Genet in Medicine, 2017

PGM1-CDG: Galactose Therapy

Perales-Clemente, et al J Inherit Metab Dis. 2021 Sep;44(5):1263-1271. A new D-galactose 
treatment monitoring index for PGM1-CDG 

• 16 PGM1-CDG patients (six females and ten males; 4 mo- 26 yr at dx
• 18 weeks (weeks 0-6:0.5 g/kg/day; weeks 6-12:1.0 g/kg/day; weeks 12-18:1.5 

g/kg/day)
• safe and well tolerated 
• Transferrin pattern clearly improves

Preparing Phase 2 clinical trials design in progress
Courtesy of Eva Morava



PGM1 was originally categorized as a 
glycogen storage disorder

• Recent work shows that glycogen in the brain is 20% glucosamine (GlcN), NOT 
only glucose
• Brain Glycogen contributes to protein glycosylation 
• LaFora Disease—a glycogen degradation disorder, shows abnormal N-glycans
• Perhaps other GSD’s are also CDG?
• Uncontrolled HFI and Galactosemia patients have abnormal transferrin.
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Hum Mutat. 2019 Jul;40(7):908-925 Ng et al, 30 cases6XSSOHPHQWDO�)LJXUH��
&OLFN�KHUH�WR�GRZQORDG�KLJK�UHVROXWLRQ�LPDJH

SLC35A2—deficiency in X-linked UDP-Galactose Transporter

Additional cases identified in large epilepsy cohorts
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• Ten patients with SLC35A2-CDG were 
supplemented with oral D-galactose for 
18 weeks in escalating doses up to 1.5 
g/kg/day.

• Improvements were primarily in growth 
and development with five patients 
resuming developmental progress, 
including postural control, response to 
stimuli, and chewing and swallowing 
amelioration.

Clinical and biochemical improvement with galactose 
supplementation in SLC35A2-CDG. Witters, et al Genet Med. 
2020 June ; 22(6): 1102–1107 

                                                                                                                             Clinical Trials not yet recruiting

SLC35A2-CDG
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SOMATIC MUTATIONS IN SLC35A2 CAUSE EPILEPSY

Winower, et al Ann Neurol . 2018 Jun;83(6):1133-1146. Somatic SLC35A2 variants in the brain are 
associated with intractable neocortical epilepsy

Multiple studies now show cases of de novo SLC35A2 variants

Possible response to galactose?



CAD-Dependent Synthesis of Pyrimidines
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Biallelic mutations in CAD, impair de novo pyrimidine
biosynthesis and decrease glycosylation precursors
Bobby G. Ng1,†, Lynne A. Wolfe2,†, Mie Ichikawa1, Thomas Markello2,
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Abstract
In mitochondria, carbamoyl-phosphate synthetase 1 activity produces carbamoyl phosphate for urea synthesis, and deficiency
results in hyperammonemia. Cytoplasmic carbamoyl-phosphate synthetase 2, however, is part of a tri-functional enzyme
encoded by CAD; no human disease has been attributed to this gene. The tri-functional enzyme contains carbamoyl-phosphate
synthetase 2 (CPS2), aspartate transcarbamylase (ATCase) and dihydroorotase (DHOase) activities, which comprise the first three
of six reactions required for de novo pyrimidine biosynthesis. Here we characterize an individual who is compound heterozygous
for mutations in different domains of CAD. One mutation, c.1843-1G>A, results in an in-frame deletion of exon 13. The other,
c.6071G>A, causes a missense mutation (p.Arg2024Gln) in a highly conserved residue that is essential for carbamoyl-phosphate
binding. Metabolic flux studies showed impaired aspartate incorporation into RNA and DNA through the de novo synthesis
pathway. In addition, CTP, UTP and nearly all UDP-activated sugars that serve as donors for glycosylationwere decreased. Uridine
supplementation rescued these abnormalities, suggesting a potential therapy for this new glycosylation disorder.

Introduction
Six enzymatic reactions are required for de novo pyrimidine
biosynthesis, an essential step in the synthesis of nucleotides
including uridine triphosphate (UTP) and cytosine triphosphate
(CTP) (Fig. 1A). The pyrimidines are mainly utilized for de novo
DNA and RNA synthesis, but UTP is also used to make UDP
nucleotide sugars for glycosylation (1,2).

The first three of six enzymatic steps are carried out by CAD,
which is synthesized as a single large polypeptide with three
highly conserved enzymatic activities: carbamoyl-phosphate
synthetase 2 (CPS2), aspartate transcarbamylase (ATCase) and
dihydroorotase (DHOase) (3–6). The fourth step occurs within
the inner mitochondrial membrane where dihydroorotate de-
hydrogenase (DHODH) catalyzes dihydroorotate into orotate (7).

Uridinemonophosphate synthetase (UMPS) is a dual functioning
protein with N-terminal orotate phosphoribosyltransferase ac-
tivity and C-terminal OMP decarboxylase activity (8,9). UMP
then serves as a substrate for subsequent steps that lead to
the synthesis of UDP and ultimately UTP. These substrates can
also be derived directly from uridine via the pyrimidine salvage
pathway (10).

Extremely rare human genetic disorders occur in the last three
steps of the highly regulated, de novo pathway. Miller syndrome
(also known as Genee–Weidemann or postaxial acrofacial dysos-
tosis syndrome) (MIM-263750) was the first Mendelian disorder
solved viawhole exome sequencing; causalmutations were iden-
tified in DHODH (MIM-126064) (11). Miller syndrome is character-
ized by postnatal growth deficiency, micrognathia, ear and eye
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CAD mutations and uridine-responsive epileptic
encephalopathy
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Unexplained global developmental delay and epilepsy in childhood pose a major socioeconomic burden. Progress in defining the

molecular bases does not often translate into effective treatment. Notable exceptions include certain inborn errors of metabolism

amenable to dietary intervention. CAD encodes a multifunctional enzyme involved in de novo pyrimidine biosynthesis.

Alternatively, pyrimidines can be recycled from uridine. Exome sequencing in three families identified biallelic CAD mutations

in four children with global developmental delay, epileptic encephalopathy, and anaemia with anisopoikilocytosis. Two died aged

4 and 5 years after a neurodegenerative disease course. Supplementation of the two surviving children with oral uridine led to

immediate cessation of seizures in both. A 4-year-old female, previously in a minimally conscious state, began to communicate and

walk with assistance after 9 weeks of treatment. A 3-year-old female likewise showed developmental progress. Blood smears

normalized and anaemia resolved. We establish CAD as a gene confidently implicated in this neurometabolic disorder, character-

ized by co-occurrence of global developmental delay, dyserythropoietic anaemia and seizures. While the natural disease course can

be lethal in early childhood, our findings support the efficacy of uridine supplementation, rendering CAD deficiency a treatable

neurometabolic disorder and therefore a potential condition for future (genetic) newborn screening.
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CAD-2250 aa and 1000 variants. Which are pathogenic?
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

EFFECTS OF TRIACETYLURIDINE THERAPY

Multiple studies show efficacy of 
triacetyluridine (Xuriden), uridine, or uridine-
monophosphate
Ann Clin Transl Neurol. 2021 Mar;8(3):716-722
Genet Med. 2020 Oct;22(10):1589-1597. 
Pediatr Neurol. 2020 Sep;110:97-98

No apparent side effects
Provide Realistic hope



ALG1-CDG

Figure 1. 
Pathway showing the enzymatic step requiring ALG1 mannosyltransferase activity and 
schematic showing mutations identified within ALG1. (A) Schematic showing only the early 
N-linked glycosylation pathway on the cytoplasmic facing side of the ER with the ALG1-
dependent step highlighted with a red (X) over the arrow. (B) Schematic showing exon 
location of all the ALG1 mutations identified in this study. The mutations identified in this 
study are highlighted in red. For splicing mutations, nucleotide numbering for cDNA uses 
+1 as the A of the ATG translation initiation codon in the reference sequence.
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Figure 3. 
Phenotype summary from the thirty-nine ALG1-CDG cases. Phenotypic data were provided 
for each individual and summarized as a percentage of patients affected. The number of 
deceased individuals is further broken down by the age at which the individual passed away. 
(*) Indicates that not all individuals could be assessed for intellectual disability, due to early 
death or young age.
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Figure 4. Kaplan-Meier survival curves for ALG1-CDG patients
(A) Probability of survival for all thirty-nine ALG1-CDG cases “Group 1”. (B) Probability 
of survival for all thirty-nine ALG1-CDG cases separated by genotype. Group 2 are 
individuals homozygous for the p.Ser258Leu (n=6), Group 3 are individuals compound 
heterozygous for the p.Gln50Arg (n=5) and Group 4 comprises the remaining individuals 
(n=28). In order to see the effect of the p.Ser258Leu and p.Gln50Arg we made the time 
scale limit 100 months, however it should be noted that several individuals survived pass 100 
months and this is denoted using ( ).
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ALG1-CDG: Clinical and molecular characterization of 39 unreported patients 



SPECTRUM OF ALG1-CDG CASES
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ALG13. Ng et al

FIGURE 1. 
Lipid linked oligosaccharide pathway highlighting the role of ALG13 and a schematic 
showing the location of de novo variants identified in ALG13. A, Schematic showing the 
role of ALG13 in LLO synthesis. B, Schematic showing the four primary ALG13 transcripts 
with the positions of each de novo variant within the ALG13 protein. Variants identified in 
this study have been placed on the top portion, while previously reported variants are on the 
lower portion. The number of individuals identified is also listed as (n=). The solid triangles 
denote the catalytic triad required for the deubiquitinase domain active site D239, C242, 
H345
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 
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Gene Syndrome
PIGV, PIGO, 
PIGB,  PGAP2, 
PGAP3

Mabry syndrome / Hyperphosphatasia mental retardation 
syndrome (HPMRS)

PIGA, PIGN, 
PIGT

Multiple Congenital Anomalies-Hypotonia-Seizure (MCAHS) 
syndrome 

PIGL CHIME syndrome
PIGN, PIGV Fryns syndrome
PIGB DOORS syndrome
PGAP1 IGD with DD / ID, encephalopathy, CVI
PIGM (promotor) IGD with seizures and thrombosis

Mutated genes vs syndromes

DD, developmental delay; CVI, cerebral visual impairment

CHIME: coloboma, heart disease, ichthyosiform dermatosis , mental 
retardation, and ear anomalies
Fryns: dysmorphic facial features, congenital diaphragmatic hernia, 
pulmonary hypoplasia, and distal limb hypoplasia 
DOORS: deafness, onychodystrophy, osteodystrophy, mental retardation, 
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 
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Aspartylglycosamine is a biomarker for NGLY1-
CDDG, a congenital disorder of deglycosylation. 
Haijes HA, et al
Used dried BS. Now confirmed in rodent models
Mol Gen Metabolism 127 368-72 2019

N-glycanase NGLY1 regulates mitochondrial 
homeostasis and inflammation through NRF1. 
Yang K, Huang R, Fujihira H, Suzuki T, Yan N.
J. Ex Med 2018 215, 2600-2016
Lehrbach NJ, Breen PC, Ruvkun G. Cell. 2019 
Apr 18;177(3):737-750

Drug screens of NGLY1 deficiency in worm and 
fly models reveal catecholamine, NRF2 and anti-
inflammatory-pathway activation as potential 
clinical approaches. Iyer S, Mast JD, Tsang H, 
Rodriguez TP, DiPrimio N, Prangley M, Sam FS, 
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requirement of a reducing reagent for an enzyme
assay) (33), we finally identified the gene encoding
the cytoplasmic PNGase, which is referred to as
PNG1 (34). The process involved in the identification
of the gene was very unique; first, we screened over 400
of Hartwell’s temperature-sensitive strain collections
(35) and isolated strain no. 352 as the one that was
defective in PNGase activity. Our initial expectation
was that the PNGase might be an essential gene in
yeast, and therefore mutants with defective PNGase
would exhibit a signature phenotype, if isolated. To
our disappointment, however, after several back-
crosses with wild-type strains, no detectable pheno-
types co-segregated with a defect of PNGase activity.
We then made full use of the combination of classical
genetics and the most recent genome information of S.
cerevisiae to identify the causative gene responsible for
the loss of enzyme activity. The gene, PNG1, was
indeed the one encoding the cytoplasmic PNGase
(34). The lack of significant phenotypes in png1
mutant in budding yeast, however, prevented us from
clarifying the biological significance of this enzyme.
The mouse orthologue, referred to as Ngly1 (36), was
found to be widely expressed in all tissues examined,
which is consistent with the results of an in vitro
PNGase activity assay (10).

Structural Divergence of the Cytoplasmic
PNGase—Evolutional Consequence?

When examined in the DNA database, it was found
that the PNG1 gene orthologue was widely distributed
throughout eukaryotes (34, 37). Consistent with this
finding, the soluble PNGase activity with a neutral op-
timal pH has also been widely reported among eukary-
otes (Table I). An interesting feature of the
cytoplasmic PNGase is that, while the core transgluta-
minase (TGase) domain critical for the PNGase activ-
ity is conserved, additional domains can be found in

the orthologues of higher eukaryotes (Fig. 3). These
results most likely suggest that this protein acquired
those additional domains as an evolutional conse-
quence. For example, it is interesting to note that in
Caenorhabditis elegans, the cytoplasmic PNGase is a
dual functional enzyme as thioredoxin, an oxidoreduc-
tase, and PNGase (38, 39). This domain structure may
reflect the evolutional requirement linking redox po-
tential and PNGase activity, especially as this enzyme
has a catalytic Cys residue. The contribution of those
domains outside the catalytic core to the function of
the cytoplasmic PNGase represents a key issue that
remains to be fully elucidated.

Among the additional domains found in the ortho-
logues of higher eukaryotes, the PUB (PNGase- and
ubiquitin related) domain was first identified through a
bioinformatics analysis, as I noted that this domain
was also observed in various ubiquitin!proteasome
system-related proteins (46, 47). Although it was ini-
tially hypothesized that it may serve as a protein!
protein interaction domain (46), experimental evidence
supporting the hypothesis is now accumulating
(48!51). On the other hand, the C-terminal PAW
domain (domain present in PNGases and other
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Fig. 2 The involvement of cytoplasmic PNGase in ERAD. The glycoproteins destined for degradation are translocated from the ER lumen to the
cytosol. There, proteins are degraded mainly by proteasomes. PNGase acts on misfolded glycoproteins in the cytosol during the proteasomal
degradation. This reaction is believed to enhance the efficiency of proteasomal degradation, while the precise order of the deglycosylation and
proteasomal degradation under physiological conditions remains unclarified. Note that other protein modification reactions, such as ubiquiti-
nation, are omitted in this scheme for the sake of simplification.

Table I. Reported occurrence of cytoplasmic PNGase activity.

Source References

Mammalian cells (8, 10, 40)
Hen (28)
Medaka Fish (41)
C. elegansa (38, 39)
D. discoidium (42)
S. cerevisiae (33)
Schizosaccharomyces pombea (43)
A. thalianaa (44, 45)

aPNGase activity was found in the Png1-orthologue protein ex-
pressed in a heterologous system.
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ubiquitin related) domain was first identified through a
bioinformatics analysis, as I noted that this domain
was also observed in various ubiquitin!proteasome
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Table I. Reported occurrence of cytoplasmic PNGase activity.

Source References

Mammalian cells (8, 10, 40)
Hen (28)
Medaka Fish (41)
C. elegansa (38, 39)
D. discoidium (42)
S. cerevisiae (33)
Schizosaccharomyces pombea (43)
A. thalianaa (44, 45)

aPNGase activity was found in the Png1-orthologue protein ex-
pressed in a heterologous system.
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requirement of a reducing reagent for an enzyme
assay) (33), we finally identified the gene encoding
the cytoplasmic PNGase, which is referred to as
PNG1 (34). The process involved in the identification
of the gene was very unique; first, we screened over 400
of Hartwell’s temperature-sensitive strain collections
(35) and isolated strain no. 352 as the one that was
defective in PNGase activity. Our initial expectation
was that the PNGase might be an essential gene in
yeast, and therefore mutants with defective PNGase
would exhibit a signature phenotype, if isolated. To
our disappointment, however, after several back-
crosses with wild-type strains, no detectable pheno-
types co-segregated with a defect of PNGase activity.
We then made full use of the combination of classical
genetics and the most recent genome information of S.
cerevisiae to identify the causative gene responsible for
the loss of enzyme activity. The gene, PNG1, was
indeed the one encoding the cytoplasmic PNGase
(34). The lack of significant phenotypes in png1
mutant in budding yeast, however, prevented us from
clarifying the biological significance of this enzyme.
The mouse orthologue, referred to as Ngly1 (36), was
found to be widely expressed in all tissues examined,
which is consistent with the results of an in vitro
PNGase activity assay (10).

Structural Divergence of the Cytoplasmic
PNGase—Evolutional Consequence?

When examined in the DNA database, it was found
that the PNG1 gene orthologue was widely distributed
throughout eukaryotes (34, 37). Consistent with this
finding, the soluble PNGase activity with a neutral op-
timal pH has also been widely reported among eukary-
otes (Table I). An interesting feature of the
cytoplasmic PNGase is that, while the core transgluta-
minase (TGase) domain critical for the PNGase activ-
ity is conserved, additional domains can be found in

the orthologues of higher eukaryotes (Fig. 3). These
results most likely suggest that this protein acquired
those additional domains as an evolutional conse-
quence. For example, it is interesting to note that in
Caenorhabditis elegans, the cytoplasmic PNGase is a
dual functional enzyme as thioredoxin, an oxidoreduc-
tase, and PNGase (38, 39). This domain structure may
reflect the evolutional requirement linking redox po-
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has a catalytic Cys residue. The contribution of those
domains outside the catalytic core to the function of
the cytoplasmic PNGase represents a key issue that
remains to be fully elucidated.

Among the additional domains found in the ortho-
logues of higher eukaryotes, the PUB (PNGase- and
ubiquitin related) domain was first identified through a
bioinformatics analysis, as I noted that this domain
was also observed in various ubiquitin!proteasome
system-related proteins (46, 47). Although it was ini-
tially hypothesized that it may serve as a protein!
protein interaction domain (46), experimental evidence
supporting the hypothesis is now accumulating
(48!51). On the other hand, the C-terminal PAW
domain (domain present in PNGases and other
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Dear CDG & NGLY1 Community, 
 
THE RECOMMENDATION BY CDG EXPERTS IS FOR CDG & NGLY1 PATIENTS, PARENTS AND CAREGIVERS 
TO BE VACCINATED AGAINST COVID-19. 
 
Multiple safe and effective COVID-19 vaccines are now available for all individuals 12 years and older, 
including those with CDG.  
 
Many CDG & NGLY1 patients have already been vaccinated without concerning side-effects. The COVID-
19 vaccines are effective in preventing COVID-19 infection in 90-96% of the general population, although 
no specific testing of the effectiveness in CDG patients have been conducted yet.  
 
After vaccination, we recommend continuing to follow other prevention protocols already in place: 
 
x Wear a mask that covers your nose and mouth. 
x If possible, stay at least 6 feet apart from other people. 
x Wash your hands with soap and water for 20 seconds or use hand sanitizer with at least 70% 

alcohol. 
 

If you have any additional questions regarding this recommendation, please do not hesitate to reach out 
to CDG CARE at info@cdgcare.com.  
 
Warm Regards, 
 
The Frontiers in CDG Consortium and Patient Advocacy Group Team 

PMM2-CDG-
psychomotor retardation/intellectual disability 
(ID) (90–96%)
- ataxia/cerebellar syndrome (96%)
- cerebellar atrophy (95%)
- hypotonia with frequent hyporeflexia (92%)
- strabismus (84%)
-abnormal EEG findings (69%)
- peripheral neuropathy (53%)
- retinitis pigmentosa (22%)
- nystagmus (9.5%)

ALG6-CDG 
>90% experience epilepsy, ataxia and proximal 
muscle weakness. Behavioral changes, autistic 
features, depressive symptoms quite frequent

ALG13-CDG developmental delay, clinical spectrum apart 
from epilepsy covers (100%), intellectual disability (92%), 
hypotonia (85%)

Epileptic Spasms (ESp)/West Syndrome 
ALG1, ALG3, ALG11, ALG13.DOLK, DPAGT1,MPDU1,
ST3GAL3, SLC35A2, RTF1, PIGA, PIGV, PIGN, ST3GAL5

Early Myoclonic Encephalopathy of Infancy (EMEI)
PIGA, ALG3, ALG6,  DPM2, ALG1

Epilepsy of Infancy with Migrating Focal Seizure
ALG1, ALG3, RFT1

Cerebellar anomalies and ataxia
ALG1, ALG3, ALG6,ALG8, ALG9, COG8, DPM1, FKRP, 
FKTN, PIGN,  PMM2, SLC35A2, SRD5A3, STT3A, STT3B, 
TRAPPC11, POMT1, POMT2, VPS13B 

Hyperkinetic movement
MGAT2, DPAGT1, DDOST, COG5, MOGS, SRD5A3

Retinitis pigmentosa
PMM2, ALG6, POMGNT1, DHDDS

VIEWED FROM A NEUROLOGICAL PERSPECTIVE

Congenital Disorders of Glycosylation from a Neurological Perspective
Paprocka, et alBrain Sci. 2021 Jan; 11(1): 88. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7827962/


TAKE HOME MESSAGES

• Over 170 types of CDG, covering all glycosylation pathways
• Resources: NIH-funded clinical consortium (FCDGC) and Patient organization 

CDG CARE
• Therapies are emerging for the most common form, PMM2-CDG
• Clinical trials of monosaccharides, acetazolamide, epalrestat are underway
• Biomarkers are available, others being developed
• Diagnosis: Exome/genome + biochemical confirmation
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