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Congenital disorders of glycosylation (CDG) are a large and continually expanding group of
disorders that present with a variety of clinical findings and have been linked to over 170 genes.
Individually, CDGs are rare; however, the true incidence may be underestimated because of the
variability of the clinical findings, and the multiple testing strategies needed to diagnosis them
across multiple pathways. Testing for CDGs has evolved over recent years with the availability
of high-throughput molecular testing and improved gene discovery techniques. Biochemical
testing to detect defects in glycosylated proteins or enzymatic deficiency still plays a critical role
in the diagnosis of affected individuals, and both testing modalities are often required to finalize
a diagnosis. Emerging therapeutic approaches targeting improvements in glycosylation require
reliable and reproducible biochemical testing for therapeutic monitoring, dose adjustment, and
avoidance of dose-related side effects. To maintain clinical sensitivity and specificity and to
ensure reproducibility across laboratories performing complex biochemical testing, the Amer-
ican College of Medical Genetics and Genomics has developed the following technical standard.
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Introduction

Congenital disorders of glycosylation (CDGs) are a
continuously expanding group of over 170 monogenic hu-
man diseases with defects in the synthesis and transfer of
glycans. Synthetic pathways for glycans have many steps,
each dependent on the prior step, which require careful
regulation. The clinical spectrum of CDGs reflects the
functional impact of disrupted glycosylation on human
development and physiology with multisystem and multi-
organ involvement being cardinal features of this group of
disorders, although the clinical spectrum is constantly
expanding both within the larger class of disorders and in
many of the disorders individually. Large-scale genomic
sequencing has resulted in an explosion of the number of
human disorders linked to errors in glycosylation. A chapter
on CDGs from a biochemical genetics textbook published in
2009 identified 17 unique disorders in this group.' A pub-
lication from 2017 places the number of CDGs at 104,% and
a recent article in 2023 places the number of described
CDGs at >170,” and the count in 2024 sits at >200." It is
believed that up to 2% of all human genes may have a role
in glycosylation, which still leaves considerable room for
further expansion of this disease group.’

The most common and best remembered description of a
CDG is the historic picture of PMM2-CDG (OMIM 212065),
previously known as CDG-Ia: a severely affected infant with
abnormal fat pads over the buttocks, inverted nipples, hy-
potonia, and failure to thrive. The path to diagnosis for an
infant with this clinical picture should include the analysis of
transferrin isoforms, although specific methodology may
vary. This clinical presentation of PMM2-CDG is accurate,
and transferrin isoform analysis is a good first step. The
optimal testing strategy for an individual will depend on the
overall clinical picture, because of the increasing expansion
of the clinical and genetic variability in this group of disor-
ders.™™” Moving past the commonly known CDGs in-
troduces even greater clinical and laboratory variability.
Many of these disorders have each only been described in a
small number of families, increasing the challenge of getting
generalizable information.

Clinical testing for CDGs has traditionally centered
around the analysis of transferrin, because of its abundance
and availability in accessible sample matrices.® Targeted
enzyme activity analysis, N-glycan and O-glycan profiles,
apolipoprotein CIII (ApoCIII) analysis, flow cytometry, and
urine oligosaccharide screening have expanded the spectrum
of testing that could lead to the diagnosis of a CDG. This
does not touch on the many laboratory abnormalities that
may be observed in affected individuals that support a
diagnosis but do not specifically point toward a CDG, such
as liver function tests and coagulation studies. Expanded
molecular techniques and the wider availability of untar-
geted sequencing via exome and genome analysis have
resulted in an explosion of disorders linked to underlying
defects in glycosylation, not all of which are detectable by

biochemical testing. The timing and order of testing that can
lead to a CDG diagnosis are in a state of flux, with mo-
lecular and biochemical methods being done as first- or
second-tier testing depending on clinical findings, urgency,
and insurance coverage.

Glycosylation in human disease

The broad scope of disorders that have been linked to de-
fects in glycosylation is easier to understand when paralleled
with the extent of glycosylation observed in human systems.
Historically, glycosylation is defined as the process of sys-
tematic alteration of proteins in the endoplasmic reticulum
(ER) and/or Golgi apparatus by the addition of mono-
saccharides or oligosaccharides after synthesis, as a form of
post-translational modification. A more recent symposium
dedicated to CDGs defined glycosylation as “the synthesis
of fully functional glycans, and their covalent enzymatic
attachment to other molecules including proteins, lipids, and
small RNA.”’ Because glycosylation is the most abundant
post-translational protein modification, this explains the
large number of CDGs and the breadth of clinical pre-
sentations. Although up to 2% of human genes may be
linked to glycosylation,” it is unlikely that all will be
involved in human disease, and there remains debate over
when impaired glycosylation becomes a CDG. Some defects
will be embryonic lethal, such as homozygosity for the
common PMM?2 pathogenic variant'’ or recent reports of
fetal demise in DPAGT1-CDG (formerly CDG-Ij) (OMIM
608093),'! and some will be tolerated without a clinical
phenotype, as seen in some individuals with asymptomatic
phosphomannose isomerase deficiency (MPI-CDG) (OMIM
154550)."

CDG naming has evolved over time, mainly as a ne-
cessity because of the increase in the number of conditions
and the expanding type of glycosylation disorders. Initially,
the abbreviation CDG stood for “carbohydrate-deficient
glycoprotein,” and many early publications refer to that
overarching disease grouping.'”'” Early CDGs were named
based on the pattern produced by transferrin isoform anal-
ysis, either type I or type II and then a letter based on the
order of discovery. This naming convention has been
effectively deprecated by the large number of identified
CDGs and the ability to identify causative genes; however,
it retains utility for the description of laboratory findings.
Historically, a type I CDG profile represents a defect in the
synthesis or transfer of oligosaccharides onto proteins in the
ER, whereas a type II CDG profile shows evidence of a
defect in the processing of N-linked glycans in the ER or the
Golgi apparatus. The description of transferrin isoform
profiles as showing type I or type II patterns is still
commonly used in laboratories to classify and describe their
findings; however, the scope of glycosylation disorders has
broadened considerably.

CDGs exhibit multiorgan involvement with broad
phenotypic variation, both within and between genetic
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causes of CDGs.'® CDGs can be divided into groups based
on glycosylation type and modified biomolecule. The largest
known groupings include protein N-linked glycosylation
defects, protein O-linked glycosylation defects, glyco-
sylphosphatidylinositol (GPI) anchor glycosylation defects,
lipid glycosylation defects, and defects in multiple glyco-
sylation pathways.'” Glycans are grouped by their protein
linkage; N-glycans are linked to asparagine via the amide
group, and O-glycans are linked to serine or threonine via
the hydroxyl group.®'®

N-glycan synthesis can be broken down into 3 stages: (1)
formation of the nucleotide-linked sugars takes place in the
cytosol, (2) stepwise addition of monosaccharides and
transfer to protein in the ER, and (3) final glycan processing
in the Golgi apparatus. O-glycan synthesis occurs mainly in
the Golgi apparatus and is focused on assembly; no addi-
tional processing takes place.

Clinical description of glycosylation disorders

Not all genes implicated in glycosylation have been linked
to a CDG. A basic description, agreed upon at an expert
symposium, defined CDGs as “inherited (recessive, domi-
nant, or X-linked) or de novo disorders that cause ‘sub-
stantial” hypoglycosylation in one or more cell types.”” This
definition is followed throughout this technical standard,
although it must be recognized that this definition may
continue to evolve. N-linked glycosylation defects comprise
the largest group, including the most common single genetic
cause of CDG, which are defects caused by pathogenic
variants in PMM?2. These disorders typically exhibit multi-
system manifestations with significant neurologic involve-
ment with the notable exception of MPI-CDG and
phosphoglucomutase 1 deficiency (PGMI1-CDG), which
typically have normal development.'” The most common
perinatal findings include hypotonia, nonspecific dysmor-
phic features (inverted nipples or abnormal fat pads occa-
sionally present), feeding problems, growth delay,
hepatopathy with elevated transaminases, and abnormal
coagulation profiles. Additional features include neonatal
hemorrhages (including cerebral hemorrhage) and throm-
botic events, pericardial effusion, strabismus, nystagmus,
neonatal seizures, abnormal thyroid function screening re-
sults, and nonimmune hydrops.””?' The majority of
N-linked CDGs can be readily identified with transferrin
isoform analysis. As general advice, it has been recommended
to consider ruling out a CDG with any unexplained clinical
presentation, particularly with multisystem involvement.'~
The clinical presentation of O-linked glycosylation
defects varies significantly depending on which type of O-
glycosylation is affected. For example, deficiency of mucin-
type O-N-acetylgalactosamine linkage can lead to familial
tumoral calcinosis with hyperphosphatemia and massive
calcium deposits in the skin and subcutaneous tissues,””
whereas a defect in O-fucosylation has been shown to
cause Peters plus syndrome, characterized by anterior eye

chamber defects, disproportionate short stature, develop-
mental delay, and cleft lip and/or palate.”” O-mannosylation
defects lead to hypoglycosylation of a-dystroglycan,”* an
important glycoprotein needed to link the intracellular
cytoskeleton of muscle to the extracellular matrix, causing
a-dystroglycanopathies.””*° O-glycosylation types may be
detected by ApoCIII glycosylation testing, whereas disor-
ders such as a-dystroglycanopathies, often associated with
elevated creatine kinase, may require a muscle biopsy to
identify the specific defect. ApoCIII glycosylation abnor-
malities primarily detect disruption of Golgi homeostasis
and trafficking, which also affects N-glycosylation; there-
fore, detecting combined N- and O-glycosylation disorders.
GALNT2-CDG (OMIM 618885), a mucin-type O-glyco-
sylation disorder with childhood epilepsy and develop-
mental delay, can be specifically detected via ApoCIII
glycosylation analysis given that ApoCIII is the direct
glycosylation target of GALNT2.”” The biochemical
signature of ApoCIIl glycosylation abnormalities in
GALNT2-CDG is distinct from that of combined N- and
O-glycosylation disorders given the lack of entire O-glycans
in the former.”’

Typically, individuals affected with GPI anchor disorders
have epilepsy and intellectual disability, along with multiple
congenital anomalies, including heart, skeletal (particularly
distal fingertip anomalies), endocrine, ophthalmologic, and
facial anomalies (dysmorphic features), with possible ele-
vations in alkaline phosphatase levels depending on the
specific genes involved.”®”’ Testing for cell-surface
expression of GPI-anchored proteins using flow cytometry
can confirm defective GPI anchor synthesis. This may need
to be specifically requested.

Incidence

The combined incidence and prevalence of CDGs as a group
have not been established, and any published estimates are
likely low.” The estimated prevalence in European and
African American individuals is 1/10,000 based upon het-
erozygote frequencies of potentially pathogenic variants in
53 genes in which pathogenic variants are known to cause a
CDG.”" PMM2-CDG, the most frequently diagnosed CDG,
has an estimated calculated disease frequency of 1/20,000 in
the Dutch and Danish population’’ and 1/77,000 in
Estonia.”” Given the increasing availability of large genomic
databases, further estimates of CDG prevalence have been
made. A recent study found PMM2-CDG to be the only
CDG with an estimated prevalence greater than 1 to
100,000. The reported prevalence in this article may be
overestimated because it did not exclude those homozygous
for the common p.Argl41His amino acid substitution,
which is associated with embryonic lethality.'™"" A 2022
study reviewing published CDG cases identified 3057 in-
dividuals with an identified CDG, and >1000 were reported
to have PMM2-CDG. Only 3 other CDGs included in the
analysis (ALG6-CDG [OMIM 614566], EXT1 [OMIM
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133700/EXT2-CDG [OMIM 133701], and FKTN-CDG
[OMIM 253800]) have over 100 cases 1rep01rted.33

Mode of inheritance

CDGs have been identified with all inheritance patterns,
except through mitochondrial DNA. The most common
inheritance for CDGs is autosomal recessive. Table 1 lists
the genes currently known to be associated with CDGs and
their described inheritances. Lists of genes associated with
CDGs are continually expanding.

Treatment of glycosylation disorders

A small fraction of known CDGs have an available treat-
ment. Treatment and management for most known CDGs is
supportive and palliative. There is substantial mortality in the
first years of life because of severe infection or vital organ
failure.”* Small molecule supplementation is currently the
most used treatment, although extensive research, including
drug repurposing and gene therapy, is underway.””~’ The
best known example of a treatable CDG is MPI-CDG, in
which oral mannose”® ameliorates protein losing enteropathy,
coagulopathy, and hyperinsulinism but does not necessarily
halt the progression of the liver disease, which may stem
from developmental liver defects requiring liver trans-
plantation in later life.” D-galactose supplementation im-
proves hypoglycemia, coagulopathy, rhabdomyolysis, and
endocrinopathy in PGMI1-CDG (OMIM  614921),**!
TMEM165-CDG (OMIM 614727),"* and SLC39A2-CDG
(OMIM 612166)."* Symptom improvement for specific dis-
orders has also been observed with targeted supplementation.
Manganese and galactose have been used to treat seizures in
SLC39A8-CDG (OMIM 616721)."" In individuals affected
with SLC35C1-CDG (OMIM 266265), recurrent infections
with leukocytosis may respond to oral fucose supplementa-
tion.** Seizures in PIGM-CDG (OMIM 610293) and PIGO-
CDG (OMIM 610293) have responded to butyrate’ and
vitamin B6 supplementation, respectively.’”*? Uridine and
uridine triacetate have been reported to improve seizures
and anemia in CAD-CDG (OMIM 616457).4(’ Fresh frozen
plasma and/or protein C concentrate has been used to prevent
bleeding episodes in multiple CDGs, and improve capillary
leakage and edema, particularly during times of infection.”’
Therapeutic approaches that target symptomatic improve-
ment through improvements in glycosylation require reliable
and reproducible biochemical testing for therapeutic moni-
toring, dose adjustment, and avoidance of dose-related side
effects, underlying the need for this American College of
Medical Genetics and Genomics (ACMG) technical standard.

Materials and Methods

This laboratory technical standard was informed by a review
of the literature, including any current guidelines, and expert

Table 1  Genes and inheritance linked to known glycosylation
disorders, classified with at least “Moderate” evidence in GenCC
database

Inheritance

Pattern Genes Involved

ALG1, ALG11, ALG12, ALG14, ALG2, ALG3, ALG6,
ALGS, ALGY, ATP6VOA2, ATP6V1A,
ATP6V1E1, B3GALNT2, B3GALT6, B3GAT3,
B3GLCT, B4GALNT1, B4GALT1, B4GALT7,
B4GAT1, CAD, CANT1, CCDC115, CHST14,
CHST3, CHST6, CHSY1, C0G1, C0G2, COG5,
C0G6, C0G7, COG8, COPB2, CRPPA,
CSGALNACT1, DDOST, DOLK, DPAGT1, DPM1,
DPM2, DPM3, DSE, EOGT, EXTL3, FKRP, FKTN,
FUTS, G6P(3, GALNT3, GFPT1, GMPPA,
GMPPB, GOSR2, LARGE1, LFNG, MAN1B1,
MGAT2, MOGS, MPDU1, MPI, NANS, NDST1,
PGAP1, PGAP2, PGAP3, PGM1, PGM3, PIGB,
PIGC, PIGG, PIGH, PIGK, PIGL, PIGM, PIGN,
PIGO, PIGP, PIGQ, PIGS, PIGT, PIGU, PIGV,
PIGW, PIGY, PMM2, POMGNT1, POMGNTZ,
POMK, POMT1, POMT2, RFT1, RXYLT1, SAR1B,
SEC24D, SLC10A7, SLC35A1, SLC35A3,
SLC35C1, SLC35D1, SLC39A8, SRD5A3,
ST3GAL3, ST3GAL5, STT3A, TGDS, TMEM165,
TMEM199, TRAPPC11, TRAPPC12, TRAPPC2L,
TRAPPC4, TRAPPC6B, TRAPP(C9, TRIP11,
TUSC3, UGDH, UGP2, XYLT1, XYLT2

ARCN1, COG4°, COPA, DHDDS®, EXT1, EXTZ",
GANAB, GNE®, NUS1°, POFUT1, POGLUT??,
PRKCSH, SEC23B°, SEC63

ALG13", ATP6AP1, ATP6AP2, MAGT1, 0GT,
PIGA, SLC35A2", SLC9A7, SSR4, TRAPPC2,
VMA21

?Have demonstrated both recessive and dominant inheritance.
®Have been found de novo.

Autosomal
recessive (120)

Autosomal
dominant (14)

X-linked (11)

opinion. Resources consulted included PubMed (search
terms included: congenital disorder(s) of glycosylation,
glycosylation defect, transferrin isoform analysis, CDG,
glycan profiling, N-glycan, and O-glycan), Clinical and
Laboratory Standards Institute guidelines, and Clinical
Laboratory Improvement Amendments regulations. When
the literature provided conflicting evidence about a topic or
when there was insufficient evidence, the authors used
expert opinion to inform the recommendations. Expert
opinion included the coauthors of the document and mem-
bers of the Biochemical Genetics Subcommittee of the
Laboratory Quality Assurance (Lab QA) Committee. Any
conflicts of interest for workgroup members or consultants
are listed. The ACMG Lab QA Committee reviewed the
document providing further input on the content, and a final
draft was delivered to the ACMG Board of Directors for
review and approval to send out for member comment. The
document was posted on the ACMG website, and an email
link was sent to ACMG members inviting all to provide
comments. All members’ comments were assessed by the
authors; additional evidence was also included, and our
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recommendations were amended as deemed appropriate.
Member comments and author responses were reviewed by
a representative of the Lab QA Committee and the ACMG
Board of Directors. The final document was approved by the
ACMG Board of Directors.

Preanalytical requirements

Specimen requirements

Most laboratory testing that is specific for CDGs is per-
formed on serum or plasma samples. Serum and plasma
provide readily available specimens that show abnormal
glycans and other metabolites at levels detectable with
available equipment. Whole blood for isolation of leuko-
cytes for enzymology may be obtained for some disorders.
Specimens for urine oligosaccharide analysis often require
freezing before shipment, although this should be verified
with the performing laboratory. Laboratories performing or
initiating testing for CDGs should consider sample type
requirements, and collection, processing, shipping, storage,
and stability as part of the method validation process.
Methods describing CDG screening from both dried blood
spots (transferrin isoforms and ApoCIIT)** and dried serum
spots (transferrin isoforms only)*’ for the purposes of
identifying CDGs have been published. Testing of these
sample types is not currently available on a clinical basis in
the United States.

Sample handling, shipping, and storage

Specimen requirements for sample handling, shipping, and
storage should be established or verified by the performing
laboratory during method validation. Once established,
these should be made available to all clients and health care
professionals who may order testing. Serum, plasma, and
urine samples should be frozen immediately after collection
and shipped to the testing laboratory on dry ice. Specimens
submitted for enzyme analysis should be sent as whole
blood to arrive at the testing laboratory as quickly as
possible for preparation. If timely shipping of whole blood
is not possible, it may be necessary to extract leukocytes and
ship prepared and frozen to the testing laboratory. The
testing laboratory should make a protocol for the isolation of
leukocytes available.

Preanalytical variables

CDG testing does not require fasting; however, if other
studies are being collected under these conditions, it will not
negatively affect CDG testing. The abnormal glycans and
intermediates detected during screening are not affected by
short term dietary intake. Enzyme analysis requires no
special patient preparation.

Dietary treatment, such as mannose for MPI-CDG, may
normalize the abnormal profiles seen with both transferrin
and N-glycan analyses. Transfusions, particularly fresh
frozen plasma, may affect screening for glycosylation

disorders by introducing normal glycan species or simply by
dilution. Transferrin has a circulating half-life of 8-10 days.
If possible, samples for diagnostic testing should be
collected before a transfusion. If the patient is transfusion
dependent, samples should be collected immediately before
a scheduled transfusion to maximize the time since the most
recent transfusion. In all cases, the testing laboratory should
be notified of these potential confounding factors for testing.

Abnormal results by transferrin isoform and N-glycan
analysis are not necessarily indicative of a glycosylation
disorder. Liver dysfunction, including caused by chronic
alcohol ingestion50 or other inherited diseases, such as
classic galactosemia, peroxisomal disorders,”’ and heredi-
tary fructose intolerance,”” can result in type I CDG trans-
ferrin profiles and increases in immature glycans that are
commonly seen in PMM2-CDG and MPI-CDG. A summary
of CDG testing performance and known confounders is
shown in Table 2. It is important to recognize that negative
biochemical testing for CDGs does not necessarily rule out a
CDG. Because of the location of specific glycosylation
defects and in some cases, tissue specific expression, clini-
cally available laboratory tests are often negative, even in
the presence of clearly disease-causing variants. Many
newly described CDGs have only a small number of
affected individuals, and their full scope of presentations
may not be known. A small study in 2016 showed that only
7 of 15 individuals with a confirmed CDG had clearly
abnormal results on clinically available testing and 5 of 15
had normal results by all available testing.”” Precise sensi-
tivity and specificity data for clinically available CDGs are
not available and would be highly variable. Based on how
disorders were classified in the past, transferrin isoform
analysis would likely have high sensitivity for those disor-
ders previously known as type I CDGs; however, false-
positive and false-negative transferrin screening results
have been reported when testing is performed shortly after
birth.”* Affected individuals with PMM2-CDG and normal
transferrin profiles have been described”” ; however, this is
uncommon and seems associated with a small number of
causative variants.’® As always, laboratory findings should
be correlated with the clinical presentation and the results of
complementary studies to identify the underlying cause in
any individual patient.

Laboratories may find it beneficial to obtain a referral
indication for such testing, or to create unique testing op-
tions for different indications. Depending on the volume of
testing ordered, and the rarity of CDGs, it may be more
helpful for testing laboratories to reach out for clinical in-
formation when needed. Common laboratory practice in the
past relied on the assumption that all pediatric tests were for
inherited disorders and all adult testing was for alcohol
ingestion.'” The expansion of the clinical spectrum of CDGs
in recent years has made that paradigm less accurate;
however, it may narrow the number of ordered tests that
require additional inquiry.'” If molecular results are avail-
able before testing, they should be provided to the testing
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Table 2 Summary of known performance limitations for clinically available testing for glycosylation disorders
Assay/Analyte False Positive False Negative Other Considerations

Transferrin isoforms

Classic galactosemia
Fructose intolerance
(uncontrolled)

Liver disease

« Alcohol use

Hemolytic uremic syndrome

N-glycans « Liver disease
« Peroxisomal disease
« Inflammation
0-glycans (methodology
varies)
Flow cytometry
Enzyme analysis « Sample integrity

« Carrier status

Transferrin sequence variations
may result in false-positive
results if profiles are not
properly interpreted

Prematurity
Transfusion

o 0-linked or mixed
disorders

« Neutropenia

« Transfusion

« GPI anchor disorders

« Neutropenia

« Transfusion

« GPI anchor disorders

« Neutropenia

« Transfusion

« Bone marrow transplant

Defects may be tissue specific
(skeletal or cardiac muscle)

May require specific request to
ordering facility

Only available for PMM2-CDG and
MPI-CDG

(DG, congenital disorder of glycosylation; GPI, glycosylphosphatidylinositol.

laboratory so that they can be reviewed in tandem with the
biochemical testing results and an integrated interpretation
can be provided.

Method validation

Each laboratory must validate the performance characteris-
tics of its specific analytical protocol and periodically verify
its performance in accordance with local regulations. In the
United States, this includes Clinical Laboratory Improve-
ment Amendments and the College of American Patholo-
gists requirements and potentially state regulations. All
assays commonly performed to screen for CDGs are clas-
sified as laboratory developed tests and should be docu-
mented and validated as such, including compliance with all
applicable local, state, and federal regulations. Examples of
published method validation approaches are provided by the
Clinical and Laboratory Standards Institute.”’® Labora-
tories should also devise procedures to address analytical
values outside of their established criteria for performance
and for clinical specimens outside established stability
parameters.

Matrix-specific quality control (QC) specimens should be
included with each batch and typically should include 2
levels of QC, a normal and abnormal specimen. Commer-
cially available QC materials are not available for CDG
screening. Laboratories should develop a system for using
patient samples or contrived patient samples to ensure the
assay’s daily performance is acceptable before the release of
results. Normal QC samples can be obtained by pooling
laboratory specimens or from volunteer donors. Labora-
tories using residual patient samples for abnormal QC
should verify stability and document any changes in QC
performance over time. For enzyme assays, heat-inactivated
samples may be suitable for abnormal QC materials,
although patient samples that demonstrate isolated targeted
enzyme deficiencies are preferable. For CDG assays, such as

transferrin isoforms and enzyme analysis in which quanti-
tative values are obtained and reported, QC ranges should be
established before new QC specimens are put into use. For
assays such as glycan analysis, in which there are no
quantitative results obtained, any QC samples should be
analyzed before use to determine performance and accep-
tance criteria for each day’s run.

Proficiency testing

Laboratories should participate in proficiency testing pro-
grams for all analytes as required by applicable local regu-
lations and accreditations. There is an external proficiency
testing program for qualitative analysis of carbohydrate-
deficient transferrin through the European Research
Network for evaluation and improvement of screening,
diagnosis and treatment of inherited disorders of meta-
bolism. Because specialized tests for CDGs are run in a
limited number of locations, laboratories will need to
develop and maintain internal proficiency testing programs
through split samples, interlaboratory exchange, or clinical
verification. Laboratories are responsible for ensuring that
proficiency testing programs meet all relevant regulations
for their respective licensure and accreditation requirements.

Reference intervals

Laboratory-specific, age-appropriate reference intervals for
all reported analytes should be established and periodically
validated per applicable recommendations.”” When
literature-based intervals are used, they must be verified by
the laboratory before implementation. For all applications,
reference intervals should be established on the appropriate
specimen type, including all appropriate collection variables
(tube type, storage, and transport). For assays that rely
largely on qualitative interpretation, such as glycan and
oligosaccharide profiles, reference ranges are not provided.
For the diagnosis of rare disorders, analysis of confirmed



ACMG Technical Standard

7

cases is important to understand the disease range and
profiles for interpretation. Given the rarity of most CDGs,
interpretations should note any limitations with respect to
the described biochemical abnormalities in known patients.
Broader identification of affected individuals usually results
in an expanded clinical and laboratory phenotype; therefore,
generalizing from small numbers of cases should be done
with caution. In the case of enzyme analyses, it is important
to establish abnormal ranges for confirmed positives and
heterozygotes.

Testing for glycosylation disorders

Carbohydrate-deficient transferrin analysis

The most common test considered when screening for
CDGs is the analysis of transferrin to detect aberrant
glycosylation. Transferrin is the second most abundant
glycosylated protein in the human body, and it is readily
accessible for analysis in plasma and serum. These qualities
made it an ideal target molecule for glycosylation screening
assays. Because the spectrum of glycosylation disorders has
expanded, more and more confirmed disorders are identified
as having normal transferrin screening results. Many genetic
causes of CDG, such as GPI anchor synthesis disorders or
disorders in the glycosylation of o-dystroglycan, do not
affect N-glycosylation and are expected to have normal
transferrin screening results.

Early methods for the analysis of transferrin isoforms
used isoelectric focusing,io’(’”’(’1 however, most laboratories
now use tandem mass spectrometry (MS/MS) for transferrin
isoform analysis. The 2 most common MS or MS/MS
techniques for transferrin analysis are liquid chromatog-
raphy (LC)-electrospray ionization® and matrix-assisted
laser desorption/ionization time of flight mass spectrom-
etry (MALDI-TOF MS).%* Because of differences in mass
resolution, transferrin isoform analysis by MALDI-TOF MS
is not able to detect the smaller mass differences observed in
some disorders, commonly referred to as type II CDGs;
however, it does have an extremely high sensitivity for type
I CDG profiles.”*

Independent of instrument setup differences, the princi-
ples of sample preparation are similar. Plasma or serum
samples can be used for the analysis of transferrin isoforms.
Laboratories should ensure that their validation is appro-
priate for all accepted sample types. Sample preparation can
be done manually or using an automated online process.*®’
The transferrin in the specimen is enriched using an anti-
human (commonly rabbit or goat) transferrin antibody-
coupling affinity column. The sample is cleaned up to
remove anything (buffers, albumin, and other matrix com-
ponents) that could interfere with either ionization or MS
analysis. Cleanup can be accomplished via solid-phase
extraction either offline before injection into the LC sys-
tem or online via an automated extraction system integrated
with the LC.

Depending on the ionization method used, MS/MS
detection of transferrin isoforms can be based on multiply
charged species (common with electrospray ionization and
LC sample introduction systems), which need to be
deconvoluted/reconstructed by instrument specific software
before interpretation, or singly charged species (common
with MALDI and non-LC front ends). In the interpretation
of transferrin isoform analyses in their simplest form, a
normal specimen should have large amounts of di-oligo (or
tetrasialo) transferrin and small (or absent) amounts of the
mono-oligo (disialo) species. The absolute amounts of
transferrin detected can vary greatly; the determination of
normal vs abnormal profiles is based on the ratios between
the species rather than absolute abundance. Figure 1 shows
examples of normal (A), and type I (B and C) transferrin
isoform profiles. Common sequence variations (previously
described as common polymorphisms) can change the
appearance of transferrin profiles; however, they should be
distinguished from true abnormals by experienced inter-
pretation.®’  Abnormalities of galactosylation, such as
TMEMI165-CDG and PGM1-CDG, can also be identified
from transferrin isoform analysis.**®’

ApoCIII glycoform analysis

The relative quantification of apolipoprotein CIII glyco-
forms can be used to provide clarification of the subtype
when transferrin isoform analysis shows a type II profile,
and the identification of mixed CDG profiles. This analysis
is designed to identify glycoforms with 0, 1, or 2 sialic
acids, denoted ApoCIII-0, ApoCIll-1, and ApoClIII-2,
respectively. Analysis of the ratio to ApoCIIl-2 can be
informative for type II and mixed type CDGs. ApoCIII
analysis can be multiplexed with transferrin isoform anal-
ysis, when performed by LC-MS/MS, as described in the
previous section.

Glycan profiles

High-resolution MS involving TOF MS has allowed for the
detection and interpretation of additional abnormal glycans
beyond transferrin isoform analysis. Rather than investi-
gating the glycan structure from a single protein, sample
preparation for structural glycan analysis cleaves glycans
from plasma or serum proteins and uses high-resolution MS
to identify structural changes directly.”® Analysis of both N-
and O-linked glycans follows similar principles. Serum
samples are incubated to cleave the glycan linkages using
PNGaseF for N-linked glycans and f-elimination for O-
linked glycans. An incubation step may be added to assist in
denaturing the proteins before cleavage. Glycan cleavage
typically requires an incubation time of 16 to 24 hours. After
cleavage, the freed glycans need to be purified using
graphite solid-phase extraction columns. Cleaved and puri-
fied glycans must undergo permethylation to improve
reproducibility by protecting the terminal glycosidic link-
age. After permethylation, additional extraction steps via
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Figure 1 Transferrin isoform profiles for (A) normal result and (B) PMM2-CDG. CDG, congenital disorder of glycosylation.

liquid extraction and solid-phase extraction are needed.
After the final extraction, the eluate should be dried
completely under ultrahigh purity nitrogen.®

Analysis using MALDI-TOF MS is most effective for
higher-mass glycan species (m/z > 2000); however, it can
provide reliable results down to a m/z of ~600. For analysis
of N-glycans, this mass range is sufficient. Assessment of O-
glycans requires analyses using LC-MS/MS to quantify
these species (T-antigen and ApoCIII have been used clin-
ically), although MALDI-TOF MS methods have been
published.®® Dried samples must be reconstituted in an
appropriate solvent mixture before spotting on an appro-
priate MALDI plate for analysis. Sample volumes used for
MALDI analysis are very small, typically only 1 to 2 pL.
Capturing the profiles is performed using specialized in-
strument specific software. A common issue with MALDI
profiles is low overall intensity, which may cause low-
abundance glycans to be missed. Acceptance criteria for
profile acceptability should be developed and documented.
Resampling from the existing spot or creating a new spot on
the MALDI plate from the reconstituted sample are quick
troubleshooting steps that should be tried if the intensity is
not acceptable. Multiple profiles (replicates) may be helpful
for the identification of normal variation compared with true
abnormalities. Profiles may be analyzed using instrument
software or transferred to image viewing software for easier
viewing and interpretation.

Glycan profiles should be reviewed by a qualified and
trained laboratory director. Structural predictions and mass

variations may be used for the identification of normal and
abnormal glycans. The overall profile of abnormal glycans
may suggest a specific glycosylation disorder or pathway.
N-glycan analysis can provide qualitative identification of a
tetrasaccharide that is seen in PMM2-CDG, MPI-CDG, and
ALGI1-CDG (OMIM 608540), which may be helpful for
suggesting a specific diagnosis of these more common
disorders.®’

Enzyme analysis

Confirmatory enzyme analysis is only clinically available
for 2 CDGs, PMM2-CDG and MPI-CDG. Both assays are
performed using colorimetric detection on leukocytes or
fibroblasts. Isolated leukocytes are incubated with enzyme-
specific substrates and buffers to generate a colored prod-
uct, which is proportional to the amount of nicotinamide
adenine dinucleotide phosphate in the reaction mixture.
Leukocytes are isolated from whole blood samples accord-
ing to appropriate protocols. An aliquot, typically stan-
dardized for a specific protein concentration, is incubated
with enzyme-specific substrates. Testing for PMM2-CDG is
the analysis of phosphomannose mutase activity using
mannose-1-phosphate as a substrate, and testing for MPI-
CDG is the analysis of phosphomannose isomerase activ-
ity using mannose-6-phosphate as a substrate. Substrates
should be prepared fresh on the day the analysis is being
performed. A known quantity of the respective substrate is
added to the leukocyte aliquot, and the reaction proceeds.
The reaction is performed on a plate reader, allowing the
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measurement of absorbance at multiple time points for
calculation of enzyme activity. Enzyme activity is calculated
using the reaction time, sample volume, protein concentra-
tion, well size, and extinction coefficient for nicotinamide
adenine dinucleotide phosphate.”’

These enzyme analyses cannot be multiplexed because
the reaction product being measured is the same for both.
For both enzymes, there is an overlap in enzyme activity
between heterozygotes and affected individuals; therefore,
correlation with clinical findings and other laboratory testing
is required. During validation, in addition to the reference
range from unaffected individuals, heterozygotes and
affected individuals should also be analyzed to determine
the appropriate ranges. Although the clinical overlap be-
tween PMM2-CDG and MPI-CDG is not extensive, per-
forming both enzyme analyses simultaneously is effective at
ruling out decreased activity because of sample handling
issues, similar to the recommended inclusion of a reference
enzyme for lysosomal enzyme analysis.”' Ideally, leukocyte
samples from affected patients should be used as controls,
although specimens from affected patients are difficult to
find and maintain in sufficient quantity for routine analysis.
The use of cultured and prepared fibroblasts as affected
controls could be considered. Heat-inactivated controls are
an option, although they cannot mimic single-enzyme
defects.

Other laboratory investigations

The scope of this technical standard was limited to targeted
assays for the diagnosis of CDGs that are presently clini-
cally available. There are many publications describing
methods for the detection of CDGs in both targeted and
untargeted approaches; however, these are limited to spe-
cific laboratories or performed on a research basis. As
clinical utility is proven and knowledge advances, these may
become clinically available to patients in the future and
should be addressed at that time.

Although not specifically developed or intended to
identify CDGs, abnormalities may be present on other as-
says, including basic laboratory studies and more complex
profiles. Urine oligosaccharide screening was developed to
identify lysosomal storage disorders based on characteristic
excretion patterns in the urine of suspected patients. MS
methods have resulted in a significant expansion of the
disorders detected by these assays, compared with their
original thin-layer chromatography iterations.”>’® The
excretion of abnormal glycan intermediates in urine had not
been widely reported; however, after the improved assay
had been in use clinically, reports of unusual metabolites
that were characteristic of particular CDGs were pub-
lished.”” Based on these findings and the relative ease of
obtaining a urine sample for screening, high-resolution
oligosaccharide screening should be considered as an early
screen for CDGs. It can further define a diagnosis when
molecular testing results are equivocal for a disorder
known to have a characteristic oligosaccharide profile.

NGLY1-CDDG (OMIM 615273) was a disorder not
thought to have a distinctive biochemical profile until the
discovery of an abnormal oligosaccharide in the urine of
affected individuals.”* Additionally, sorbitol, an analyte
commonly included in the analysis of polyols for the iden-
tification of transaldolase deficiency, has been proposed as a
severity biomarker for PMM2-CDG and a potential
biomarker for treatments currently being trialed.”” Flow
cytometry can be used for the identification of several
glycosylation disorders, specifically those involving defects
of the GPI anchor, which can be detected by specialized
methods to isolate GPI deficient neutrophils (National In-
stitutes of Health, unpublished data). Individuals with CDGs
may have abnormalities on other laboratory tests, including
coagulation factors and liver function tests, although these
findings are not diagnostic, they can provide important in-
formation about the overall clinical picture and supporting
evidence when a diagnosis is suspected. Information about
liver function and coagulation status can be critical for
clinical management.

Molecular testing

Molecular testing (exome/genome analysis, targeted gene
sequencing, gene panels, or copy-number analysis) can be
used to confirm a diagnosis suggested by biochemical
testing or to identify a glycosylation disorder for which no
known clinically available biochemical testing is available.
As testing paradigms shift, enzyme and metabolite test re-
sults are increasingly being used to confirm uncertain or
equivocal results identified by high-throughput sequence
analysis. Full technical details about molecular testing and
interpretation for CDGs are beyond the scope of this
document. Further details regarding next-generation
sequencing,’® variant interpretation,”’ and curation of gene
panels’® have been covered extensively by previous ACMG
technical standards and should be referred to for guidance
regarding the setup of molecular analysis for CDGs.

Test interpretation and reporting

Interpretation

Results should be reviewed and interpreted by an American
Board of Medical Genetics and Genomics-certified
biochemical geneticist or other similarly qualified individ-
ual. Quantitative results should be compared with estab-
lished reference ranges, and the significance of any
deviation should be noted. Comparison with established
disease and carrier ranges may be helpful for enzyme assays.
When reports are interpreted on a strictly qualitative basis,
laboratory directors should ensure that all individuals who
are performing reporting understand the scope of the test
and are able to accurately identify normal and abnormal
profiles, and specific qualitative abnormalities that may
point to more specific disorders. Much of this training can
be accomplished during method validation by analyzing a
wide variety of samples from individuals with normal and
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abnormal profiles; however, if that is not possible, stored
samples and collaborative review with an experienced lab-
oratory director should be undertaken. QC samples should
be selected to represent an array of nonclinically significant
conditions (age, gender, and feeding status) to reflect the
diversity of normal profiles as accurately as possible.

Reporting

Important elements to include in patient reports are appro-
priate patient and specimen information, analyte values re-
ported against reference limits, and interpretive comments.
Each report should provide clear information about the re-
sults of the assay performed, integrating clinical information
and the results of other laboratory testing as available and
appropriate. Many aspects of abnormal testing for glyco-
sylation disorders are based on qualitative profile review by
experienced laboratorians, rather than deviations from
established reference ranges. These observations should be
described accurately and concisely, and attempts should be
made to standardize the language used to minimize confu-
sion. Disorder nomenclature for CDGs has been standard-
ized in recent years to focus on the gene involved in the
defect,'” and this should be reflected in laboratory reports.
Common name reporting may still be used, particularly for
more common CDGs, or when referencing older literature.
Laboratory reports should include appropriate next steps,
such as further testing (molecular analysis, familial testing,
or further biochemical studies) or appropriate consultations,
and known limitations of the assay.

Laboratory testing for CDGs is complex and requires a
high degree of technical and interpretive expertise. The
performance of each assay, including limitations, is impor-
tant for all parties to understand, and using the comple-
mentary aspects of biochemical and molecular testing to
confirm or rule out diagnoses in this expanding group of
disorder.
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