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Abstract

Glycosylation, attachment of monosaccharides or glycans to select residues of proteins and lipids, is the mdst common post-translational
modification. Defects among glycoprotein synthesis or modification pathways result in genetically and clinically heterogenous group of
metabolic disorders, congenital disorders of glycosylation (CDGs) with an estimated prevalence of 1/10.000.  They have multisystem
involvement where significant neurologic dysfunction is frequent with variable impairment of other organ functions. Most of the proteins
responsible for endocrine homeostasis are essentially glycoproteins so disorders of glycosylation have an impact on hormone secretory
pathways, changing hormone and carrier protein stability, circulatory half-live and abundance, alternating receptor configuration, activation,
hormone-substrate affinity, resetting endocrine control and feedback loops. Endocriné implications of CDGs are extensive and are described
in up to 55% of all patients with CDGs during natural course of the disease. This frequency is incréased up to 85% in some CDG subgroups.
Impact on growth and growth factors, thyroid hormones, hypothalamo-pituitary-adrenal axis, hypothalamo-pituitary-gonadaxis, glucose
metabolism, bone health and prolactin have been reported, yet clinical studies are scarce, and data mostly derived from case series. This review
aims to describe up to date data on endocrine implications of CDGs focusing on both preclinical and clinical studies underlining broad spectrum
of findings. Clinical and laboratory findings of CDGs and the effect of cuitent treatment strategies on endocrine implications will be briefly
discussed.
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Introduction
Glycosylation is covalent attachment of monosaccharides or glycans (polysaccharides) to select residues of target proteins and lipids in diverse

subcellular locations mosily within the endoplasmic reticulum (ER) and Golgi apparatus (1). Glycosylation is the most common post-
translational modification for proteins. Its biological role is essential for normal protein maturation and function ensuring maintenance of
protein solubility, proper protein folding and conformation, which in turn maintains tissue structure, integrity and porosity (3). Additionally,
glycosylation of proteins controls leukocyte trafficking, extracellular and intracellular trafficking, protease resistance, cell-substrate and cell-
cell mteractions, as well as growth regulation (4). Therefore, glycosylation is central to normal development, growth, and functioning of the
organism.

Defects among glycoprotein synthesis or modification pathways, result in genetically and clinically heterogenous group of metabolic disorders
i.e. congenital disorders of glycosylation (CDGs) (5). After the initial report in 1980, clinical, biochemical features as well as natural course of
CDGs were identified in 1991. Initially, solely associated to phosphomannomutase deficiency, it was named as carbohydrate deficient
syndrome in 1997 (6). Advances in biochemical testing and exome sequencing enabled discovery of new forms, today, more than 130 types of
CDGs are defined (7,8). Most of these monogenic diseases are autosomal recessive (AR) in inheritance, however autosomal dominant (AD)

and X-linked forms have also been described (9).



CDGs have multisystem involvement with significant neurologic dysfunction in addition to variable impairment of other organ functions.
There have been reports of cardiovascular, gastroenterological, renal, hematologic, immunologic, ophthalmologic, and lipid metabolism
impairments as well as their endocrine ramifications. Since proteins involved in endocrine homeostasis are essentially glycoproteins, reports
of endocrine symptoms are common. Alterations in glycosylation have an impact on hormone secretory pathways, modulating circulatory half-
lives, changing stability, carrier protein availability and binding, alternating receptor configuration, binding, and activation, deregulating
autocrine and paracrine actions as well as resetting of endocrine control and feedback loops (10). Endocrine findings make up to 5-7% of
symptoms at presentation, hypoglycemia being the most common, it was reported in 7% of CDGs. Endocrine implications are diverse and are
described in up to 55% of all patients with CDGs (n=280) during natural course of disease. This frequency is increased up to 85% in some
CDG subgroups. In a recent natural history study, findings regarding virtually every endocrine axis have been depicted. . Thyroid and‘adrenal
functions, growth, sexual development as well as bone and glucose metabolisms are effected (4).

In this review we will briefly address clinical and laboratory findings of CDGs, then focus on endocrine system involvement underlining the
broad spectrum of findings. In addition, the effect of current treatment strategies on endocrine implications will be discussed.

Epidemiology

The incidence and prevalence of all types of CDG is not well established, since some forms are quite rare. Reports of CDGs froim practically
every ethnic group have been made worldwide, and both sexes are equally affected. (9). Estimated prevalence in European and African-
American populations is 1/10,000 (11) (12) (13). Prevalence of the most common CDG, PMM2-CDG tanges from 1/20,000 in Dutch
populations to 1/77,000 in Estonia based on isolated reports (9) . To date, fewer than 100 cases have been reported for most CDG types (9).
Biochemical classification, and nomenclature

Historically, CDGs were classified by patterns of transferrin isoform analysis. Currently €DGs are classified into four groups: (I) N-linked
glycosylation, (II) O-linked glycosylation, (III) combined N- and O-linked/multiple  glycosylation, and (IV) lipid and
glycosylphosphatidylinositol (GPI) anchor biosynthesis defects (9).

CDG nomenclature was revised in 2008 to reflect molecular etiology considering the developments in molecular diagnostics. Currently, CDG
nomenclature is denoted by the name of the affected gene, followed by-CDG (e.g« PMM2-CDG) (14).

Inheritance

Majority of CDGs are AR, while a small number of CDGs are AD (GANAB-CDG, PRKCSH-CDG, EXT1/EXT2-CDG, POFUT1-CDG,
POGLUT1-CDG). Fewer are X-linked (ALG13-CDG, SSR4-CDG, PIGA-CDG; SLC35A2-CDG, ATP6AP1-CDG). Most dominant and some
X-linked forms of CDG are due to de novo mutations (9). Genotype-phenotype correlations have been proposed, however, there is significant
phenotypic variability even within the same genotype (15).

Clinical Findings

Glycosylation is central to many pathways, thus, thére is considerable clinical heterogeneity in symptoms and findings (4). Age of onset and
disease severity is diverse. Neonatal lethal forms, as well@s nearly asymptomatic adults have been reported. The most frequent presentation is
multi-systemic involvement within the first fcw years of life. Almost any organ system may be affected, nervous system being the most
frequent (76%) (16,17). Mild€o severe psychomotor retardation, hypotonia, cognitive difficulties, epileptic seizures, ataxia, polyneuropathy,
and stroke-like events have been i¢ported. Hypoglycemia, as well as various liver, eye, skin, gastrointestinal, immunologic, skeletal, and
coagulation disorders, are cominonly noted. Nearly all patients experience feeding difficulties and failure to thrive (9,17,18,19).

Most common form, PMM2-CDG causes neurologic symptoms (intellectual disability (96%), cerebellar ataxia and atrophy (96%), hypotonia
(92%) and peripheral neuropathy (53%); as well as involve cardiologic (pericardial effusion (72%) and cardiomyopathy (25%)) and
gastrointestinal systems (failure to thrive (67%), hepatomegaly (18-100%) and hepatopathy in (12.5-100%)). Thoracic deformities (84%) and
kyphoscoliosis (53%), typical dysmorphia (inverted nipples (53%) and lipodystrophy (47%), coagulopathy and recurrent infections (39%) have
also been reported. Adults show stable neurologic findings, but kyphoscoliosis and osteoporosis are progressive (20,21,22,23).

Some CDGs affect only a single organ system (i.e. retina in DHDDS-CDG; neuromuscular junction in ALG2-CDG, ALG14-CDG, CFPT1-
DGy brain in ST3GAL3-CDG, TUSC3-CDG:; skin or skeletal muscle in POGLUT1-CDG, POFUT1-CDG; cartilage in EXT1/EXT2-CDG;
liver in TMEM199- CDG; red blood cells in SEC23B-CDG) (9). Clinical manifestations of CDGs are summarized in Table 1 in addition to
endocrine manifestations.

Since many CDG subtypes are quite rare, complete phenotype is still unclear. Therefore, in cases of multi-systemic disease, CDGs should be
considered, particularly when there is developmental delay of unclear etiology. With a greater understanding of this subset of complex
disorders, CDGs are more frequently recognized in people with unexplained symptoms involving more than one system.

Diagnosis

Serum carbohydrate deficient transferrin analysis is the first-line screening test in patients suspected of CDG (9). This diagnostic test is

performed by isoelectric focusing or capillary electrophoresis, gas chromatography/mass spectrometry, capillary electrophoresis/electrospray



ionization/mass spectrometry or matrix-assisted laser desorption ionization/mass spectrometry to determine the presence and number of
incomplete sialylated N-linked oligosaccharide residues linked to serum transferrin (24). Second-line tests include dolichol-linked glycan

analysis and genetic testing either by single gene, CDG gene panel or whole exome /whole genome sequencing.

Novel approaches studying whole plasma/serum N-glycome by various mass spectrophotometric techniques may identify defects on
glycoproteins other than transferrin, which is especially useful in some CDGs characterized by normal transferrin profiles. What’s more,
metabolomics and metallomics offer exciting prospects in both clinical practice (biomarkers for precision diagnostics, disease follow-up,
treatment management) and in research (better understanding of the role of actors in glycosylation, application to the development of novel
pharmacological agents) areas (25). Early and specific diagnosis of CDG subtype is imperative as there is a possibility of Specific

pharmacological treatment in some forms (8,9,26).

Endocrine implications

In the initial report, most striking features involved the endocrine system. In 1980, Jaeken et al. described identical twin-sisters with familial
psychomotor retardation and endocrine findings proposing that these findings may be a part of a new syndrome.Born at 36 weeks with normal
birthweight, the twins presented at 2 years of age with marked psychomotor retardation and bone-age of 1 year. Physical examination as well
as anthropometric measures were normal. Repeated investigations revealed markedly fluctuating serui prolactin (PRL), follicle-stimulating
hormone (FSH) and growth hormone (GH) levels, partial thyroxine binding globulin (TBG) deficiency, increased serum arylsulphatase A and
increased cerebrospinal fluid protein which were also present in the father (7). Since this initial report, findings regarding virtually every
endocrine axis have been depicted. These alterations in endocrine systems in CDGs are discuissed in detail below.

Implications of CDG on Growth and Growth Factors

Growth rate of the initially described twin sisters were normal but later studies démonstrated growth failure in different CDG types due to a
variety of reasons. Babovic-Vuksanovic et al. reported a 30-month-old girl who presented with fecurrent severe and persistent hypoglycemia,
developed feeding difficulties, protein losing enteropathy and short statiire (3¢ picrcentile); She was diagnosed with MPI-CDG. Following
specific treatment of mannose for 6 months, she performed catch<up growth (43 peicentile) (4,27). A similar case of MPI-CDG whose
anthropometric measures were at 2™ percentile on admission, was presented by Hendriks et al. Catch-up growth was attained after mannose
treatment (25" percentile) (28). In a case, reported by Millef ¢t al., the child with PMM2-CDG had severe growth failure, insulin like growth
factor-1 (IGF-1) levels were low, response to IGF-1 generation test was absent suggestive of GH resistance. Catch-up growth was attained
following recombinant human IGF-1 (29). Alsarhan et al. reported two patients with ALG3-CDG diagnosed with panhypopituitarism
(hypothyroidism, GH deficiency, and adrenal inisufficiency (Al)). GH treatment response is still expected (5).

Jaeken et al. summarized the natural course of growth in29 patients with PMM2-CDG. In their study, birth weight, height, and growth rate in
the first years of life were normal. Growthfat¢ deelined between 2™ and 3 years and a successive decline was noted in the following years.
After adolescence, disproportionate short stature was observed in all cases, majority of which were associated with marked skeletal deformities
(kyphosis, kyphoscoliosis and vericbral fractures), leg length was normal when compared (30). Similarly, the largest longitudinal study of
children with PMM2-CDG concluded that anthropometric measures were within normal range at birth. Linear growth was restricted in the first
6 to 9 months of life (—2.4 SDS). Although a slight improvement was observed at the end of the second year (mean height -1.8 SDS), this
improvement was not sustained and catch-up growth was not observed until 10 years of age. It was suggested that feeding difficulties could

both confribute to and serve as the primary cause of severe growth failure. (31).

The main determinant of growth early in life is quality and quantity of nutrition while it is endocrine regulation after the first two years (32).
GH/IGF cascade being the predominant factor, thyroid, adrenal hormones, and sex steroids regulate growth, differentiation, and metabolism.
Cireulating IGFs (IGF1 and IGF2) which are GH-dependent, exert their pleiotropic roles through activation of IGF receptors (IGFIR and
IGF2R) and insulin receptor signaling cascade (33). 10%—15% of IGFs form binary complexes with IGF-binding proteins (IGFBPs: IGFBP1,
IGFBP2, IGFBP4, IGFBP6) while 80%-90% form ternary complexes with IGFBPs (IGFBP3, IGFBPS) and acid-labile subunit (ALS) in the
circulation. Formation of ternary complex is essential for stability and delivery of IGFs to the target tissues (34,35,36) (37). Although IGFs,
IGFBP-1 and IGFBP-2 are non-glycosylated, the components of the ternary complex (IGFBP-3 and ALS are N-glycosylated, IGFBP-5 is O-
glycosylated) are glycosylated. IGFBP-4 and IGFBP-6 were also shown to be glycosylated.

Previous in vitro studies presented the significance of optimum glycosylation on stability and function of the ternary complex. The number of
N-glycosylation sites in ALS was proven to enable IGF1/IGFBP3/ALS ternary complex formation (38,39,40). Enzymatic hypoglycosylation
of ALS in mouse models reduced the affinity of ALS for IGFBP-3/IGF complexes by 50-100% depending on its extent (41). Despite N-linked



glycans on IGFBP3 being non-essential for ALS or IGF binding, it was postulated that glycosylation may modulate other biological activities
of IGFBP3 such as extracellular matrix binding (38). Indeed nonglycosylated IGFBP-3 had a shorter half-life than glycosylated IGFBP-3 when
administered to rats (41). In a study conducted on peripheral blood lymphocytes from 12 patients with CDG (patients were grouped according
to previous nomenclature), compared to healthy controls, IGF-I levels were normal in CDG type-I and significantly reduced in CDG-II. IGF-
1R was significantly reduced in lymphocytes and markedly reduced in carbohydrate content. Selective impairment in IGF-1-induced synthesis
of DNA was reported. All patients displayed impaired mitogenic response. Although the study was limited to changes observed in lymphocytes,

it was proposed by the authors that the results may be inferred to all tissues (42).

These in vitro findings were supported by in vivo studies. 26 patients (12 female and 14 male; 1-20 years of age) with CDG type 1 were studied
(7 longitudinally, 19 cross-sectionally) by de Zegher et al. Basal serum GH concentrations were normally low (GH: <10 mcg/L) in majority of
the boys (13/14) and 13.5 mcg/L in a 2 month-old boy while basal serum GH concentrations were high in most of the girls (8/12) and extremely
high in three girls (basal serum GH of one-month-old, two-month-old and 2-year-old girls were 192, 120 and 144 meg/L, respectively).
Longitudinal assessment of basal serum GH concentrations of these girls were documented to be <20 mcg/L within the following 6 months.
Upon glucagon stimulation, biphasic GH hyperresponsiveness was observed in the initially described twin sistérs. Same study revealed that
IGF-1 levels were low during infancy and low-normal during childhood and adolescence (10). Miller et al. compared 12 patients with PMM2-
CDG with age matched healthy controls regarding features of GH/IGF-1 axis. The study revealed that children with PMM2-CDG displayed
significantly decreased (~50%) levels of both glycosylated (ALS and IGFBP3; 50%) and nonglycosylated (IGF-1 and 1GF-2) components of
ternary complex compared to controls (41). Reduced ALS glycosylation was shown to result in a neutral shift in the isoelectric point leading
to a reduction in the affinity of ALS for IGFBP-3-IGF binary complex. Ternary complex forfiation was subsequently decreased. In this study,
adequate nutrition, and oral mannose treatment in a child with MPI-CDG was shown topartially correct hypoglycosylation of ALS and IGFBP-
3 enabling catch-up growth (41).

Growth failure is common in majority of CDGs. It is likely that in addition to changes in GH/IGF-1 axis, feeding difficulties and nutritional
factors as well as concomitant endocrine manifestations (hypothyroidism, Al, hypogonadism) and skeletal features lead to growth failure (Table
1). Management of these accompanying factors will help restore growth rate. Further studies are necessary to determine the extent to which
protein hypoglycosylation negatively impacts function and stability of GH/IGE-1 axis as well as to demonstrate natural growth and efficacy of
GH treatment in children with CDG.

Implications of CDGs on Thyroid Hormones

Normal thyroid hormone biosynthesis starts with iodide uptdke from circulation across the basolateral membrane of thyrocyte by sodium-
iodide symporter, which coordinates electrogenic symport of two sodium ions for one iodide ion down an electrochemical gradient generated
by the Na+/K+ ATPase. Specific transporters (pendrin and anoctamin-1) then mediate iodide efflux into follicular lumen. Synthesized by
thyrocytes, thyroglobulin establishes the protein skeleton in thyroid hormone biosynthesis. lodide is oxidized when hydrogen peroxide is
present and incorporated into tyrosyl residues on thyroglobulin surface to form monoiodotyrosyl (MIT) and diiodottyrosyl (DIT)
(organification). MIT and DIT couple to form thyroid hormones (T4 and triiodothyronine). Thyroid peroxidase (TPO) catalyzes hydrogen
peroxide-dependént oxidation, organification and coupling of iodine. DUOX2 (a NADPH-oxidase) and its accessory protein, DUOXA?2, are
the predominant sources of hydrogen peroxide (43). Thyroglobulin is endocytosed back into thyroid follicular cell then cleaved and thyroid
hormones aré secreted into-irculation. Thyroid hormone biosynthesis is regulated by thyrotropin (TSH; secreted form anterior pituitary) and

thyroid hormonesare carried by TBG, albumin and transthyretin in the circulation.

Most of these proteins taking part in thyroid hormone biosynthesis, regulation and secretion are essentially glycoproteins, and glycosylation
defeets cause significant alterations. TBG hypoglycosylation is shown to reduce the half-life by 15% (20). One of the initially described
findings frequently reported in patients with CDG is low levels of TBG (75%) (44,45). Despite a decrease in total thyroid hormone levels, free
hormone levels and TSH are reported to be normal (4,46). Although free hormone levels might be low via indirect measurement techniques
from time to time, results with direct measurement techniques were normal (43). Most frequently described scenario is euthyroid low TBG,
however, as summarized above, proteins taking part in thyroid hormone biosynthesis, regulation and secretion are glycoproteins, and disorders
of glycosylation may result in alterations in thyroid function as well (47). What’s more, TBG, TPO, pendrin, DUOX2, DUOXA?2 which are
essential for thyroid hormone biosynthesis, achieves proper folding to three-dimensional functional conformation after post-translational
modifications consisting of glycosylation (48,49,50,51,52,53,54). TSH was shown to have reduced bioactivity and receptor affinity due to lack
of glycosylation (55,56,57). Considering these, CDGs may lead to several alterations in thyroid hormones (i.e. low total T4 and TBG, increased
TSH which may raise suspicion for hypothyroidism, low free T4 (FT4)) without clinical hypothyroidism (euthyroid). Clinical assessment of



hypothyroidism may be difficult since developmental delay and neurologic findings are also common features of CDGs. On the other hand,

for optimal development and metabolism, clinical hypothyroidism must be corrected. (45).

Clinical hypothyroidism is rare in patients with CDG, however, abnormal thyroid function tests, like decreased TBG are frequently reported
especially in PMM2-CDG (4,46,58). Elevated TSH has been reported, especially during infancy (10,59). A study evaluating thyroid functions
of 18 patients with PMM2-CDG revealed positive neonatal screening test results in 10, elevated TSH levels in nine, low FT4 in two. During
follow-up, TSH elevation was transient in 3/9 and treatment was not started. Six patients were started with thyroid hormone replacement
therapy due to multi-organ failure in first few months of life (3/6), persistently elevated TSH during neonatal period (1/6) and elevated TSH
accompanied by clinical signs of hypothyroidism such as low calorimetric measurements (decreased resting energy expenditure), low body
temperature, constipation, and myxedema (2/6). In fact, apart from the latter 2 patients with clinical findings of hypothyroidism, the reason for
treatment was TSH elevation (60). A review of 7 patients with PMM2-CDG, MPI-CDG, ALG6-CDG reported low levels of serum TBG and
T4 concentrations, but normal FT4 and TSH levels. Most of the reported ALG6-CDG patients were euthyroid (46,60). Two patients with MPI-
CDG had TBG deficiency with normal TSH and FT4 (61). Alsharhan et al. reported 10 patients with ALG3-CDG., four of which had central
hypothyroidism and three required thyroid hormone replacement therapy. Other CDG subtypes with abnormal thyroid assessmicnts include
ALG1-CDG, ALG8-CDG (62).

In conclusion, hypoglycolysation of proteins essential for normal thyroid hormone biosynthesis may result in‘alterations of thyroid hormones.
Thyroid function tests of individuals with CDG may be difficult to assess since clinical symptoms of hypothyroidism may be masked or
mimicked by other, more severe CDG symptoms, and the diagnosis of hypothyroidism may be complicated (60). In critical circumstances
(hypoalbuminemia, sepsis, protein-losing enteropathy, etc.), re-measurements of TSH and FT4 are recommended, and only patients with
clinical signs of hypothyroidism should receive thyroid hormone replacement treatment after ruling out euthyroid sick syndrome. (5). Long
term follow-up for thyroid hormones is not established yet for CDG, however,individuals with PNIM2-CDG should have their thyroid hormone
levels checked every six months, for the first two years of life, and once@ yearafier that, -4o check for hypothyroidism, (5). Considering the

changes in thyroid hormone biosynthesis, it may be reasonable to generalize this suggestion to all CDGs (Table 2).

Implications of CDGs on Hypothalamo-Pituitary-Adrenal Axis

Hypothalamo-pituitary-adrenal axis (HPA) has a central role in régulating response to internal and external stressors. Hypothalamic
parvocellular nucleus collects and integrates neuronal and humoral inputs to synthesize and secrete corticotropin-releasing hormone (CRH)
and arginine vasopressin (AVP) into hypophyséal portal system (63). Activation of corticotropin-releasing hormone receptor 1 (CRH-R1) via
CRH and AVP, initiates synthesis of adrenocorticotiopic hormone (ACTH) from proopiomelanocortin. This step is catalyzed by prohormone
convertase 1/3 enzyme and ACTH is thien released from anterior pituitary into the circulation (64) (65). Upon reaching adrenal cortex, ACTH
binds to melanocortin 2 receptor (MC2R) which ifi turn stimulates synthesis and release of cortisol (66) (67). Cortisol is mainly carried bound
to proteins (albumin and corticosteroid binding globulin (CBG)) in the circulation, and CBG regulates cortisol bioavailability (68). Proteins of
the HPA such as CRHR14 MC2R, prohormore convertase 1/3, and CBG are N-glycosylated glycoproteins (69,70). The number and presence
of N-linked glycosylation sites in the CRHR family were shown to have an important role in ligand binding and signal transduction. Disordered
glycosylation cotild therefore lead to decreased ACTH and cortisol production (71). Furthermore, hypoglycosylation can decrease steroid—

binding capacity of CBG, diminishing total cortisol levels, resulting in low to normal free cortisol.

Largest series evaluating implications of CDGs on HPA stemmed from an international natural course study with contributions from many
centers observing |39 patients with PMM2-CDG for 4 years with 6-month intervals longitudinally. Cechova et al. evaluated adrenal functions
of 43 patients (20 girls) with available ACTH and cortisol data. Since cortisol was <Smcg/dL without an increase in ACTH in 11 patients,
central Al was suspected. Two patients were diagnosed with central Al and hydrocortisone was started. One of them was diagnosed during
evaluation for hypoglycemia and accompanying GH deficiency as well as central hypothyroidism. Three of the remaining nine patients had
normal peak cortisol response to low dose ACTH stimulation test. Despite slightly low response in one patient, hydrocortisone was not started.
Low dose ACTH stimulation test was planned in five patients. Primary Al was not suspected in any of the patients (71). Another study described
normal serum cortisol levels with diminished serum CBG in a patient with PMM2-CDG. These findings were attributed to loss of CBG due to
protein-losing enteropathy (10). Other forms of CDG with reported Al are ALG6-CDG and ALG3-CDG.

In conclusion, glycosylation defects of proteins responsible for regulation of the HPA axis as well as hypoproteinemia due to protein losing
enteropathy may lead to Al in patients with CDG. Annual evaluation of morning cortisol and ACTH were recommended in patients with

PMM2-CDG. If abnormal, low dose ACTH stimulation test can be performed to evaluate the HPA axis (71) (Table 2).



Implications of CDG on Hypothalamo-Pituitary-Gonadal Axis

Hypothalamic gonadotrophin-releasing hormone (GnRH) is the central regulator of synthesis and release of pituitary gonadotrophins
(luteinizing hormone (LH) and FSH) which are essential for normal sexual development, maturation, and reproductive function (72). GnRH is
synthesized in hypothalamic neurons and is secreted into the hypophyseal portal circulation to act primarily on anterior pituitary by binding to
GnRH receptor (GnRHR) (73). Variations of GnRH pulsatility (pulse frequency) and amplitude have separate effects on FSH and LH (74).
LH and FSH are secreted into peripheral circulation, acting on ovaries or testes to regulate folliculogenesis, ovulation, spermatogenesis, and
steroidogenesis. FSH and LH are glycoprotein hormones with similarities in their chemical structures. Variation in glycosylation and glycan
composition may lead to considerable heterogeneity in terms of half-life and bioactivity (75). Reduced FSH bioactivity and bioavailability was
associated with delayed puberty (10,76). FSH and LH receptors (FSHR and LHR) are also glycosylated proteins. FSHR has more glycosylation
sites than LHR therefore, it is presumed that FSHR function is more likely to be affected by impaired glycosylation and may result in
hypergonadotropic hypogonadism (77). GnRHR is also a glycosylated protein, whether its glycosylation status has an influence on
pathophysiology of hypogonadism remains to be elucidated.

Impaired glycosylation of LH and FSH in patients with PMM2-CDG results in a variety of changes in the hypothalamo-pituitary-gonad axis.
In the initial report of twin sisters with CDG, fluctuating basal serum gonadotropin levels were described with respect to age. FSH was
particularly elevated during infancy (normal, <5 IU/mL) and adolescence (normal, <20 IU/mL) while LH was consistently increased during
adolescence (normal, <20 IU/mL). Following GnRH administration, at 2 and 13 years of age, a homogeneous hyper response of FSH and LH
(serum levels at 13 years higher than that at 2 years) were noted. When secretory patterns were evaluated by deconvolution analysis of serum
profiles during these tests, serum half-life of LH was extremely long, and FSH burstsvere delayed and prolonged. A woman with MPI-CDG
and one with ALG6-CDG had normal levels of LH, FSH, estradiol (78) (61,79,80) (77).

Impact of CDGs on puberty is variable. Delayed puberty, pubertal arrest, amenoirhea, hypergonadotropic and hypogonadotropic hypogonadism
as well as normal puberty and menstruation have been described (10) (20,81). Patients with PMM2-CDG generally had hypergonadotropic
hypogonadism (7/8) (30). Pérez-Duefas et al. followed 2 patients with PMM2-CDG until adulthood. One had hypergonadotropic
hypogonadism while the other (milder phenotype) had normial menstrual cycle (82). In other reports, 6/6 females with CDG syndrome type 1
had hypergonadotropic hypogonadism where ovaries were not detected in 3/6 (76). Hypogonadotropic hypogonadism was described in four
adolescent girls (10). Three woman with MPI-CDG developed normal puberty and delivered three healthy children after uncomplicated
pregnancies (78) (61,79,80). A patient with ALG6-CDG had regular menses with normal hormonal profile (77).

In contrast to females with CDG, males mostly expressed age appropriate secondary sex characteristics and underwent normal pubertal
development (76). Some reports have described boys with normal puberty and virilization, but small testes, and low-normal testosterone values

(10,76). A study presented 2/3 male patients who have passed 16 years of age had normal puberty and secondary sex characteristics (30).

Hormone replacement therapy (HRT) in patients with hypogonadism is crucial for initiation and progression of puberty, achieving appropriate
body composition, optimum bone health as well as increased health related quality of life. Congenitally deficient or dysfunctional major natural
anticoagulants (antithrombin III, protein S, and protein C) in CDGs are associated with life-threatening coagulopathies early in life. Though
not always eévident at birth; Eklund et al. suggested that it would be prudent to consider CDGs in the category of thrombophilia wherein
administrating HRT should be approached with caution. Guidelines for optimum HRT in CDG have not been established yet. Eklund et al.
selected transdermial estrogen replacement in four patients with hypergonadotropic hypogonadism and PMM2-CDG to mimic physiology. All
of them experienced deep vein thrombosis, even though one was on prophylactic anticoagulant therapy. (20,83). It was suggested by the study
thatfurther research is necessary to determine the best combination of estrogen and anticoagulants, timing of treatment, and duration of primary

prophylaxis. (83).

Implications of CDG on glucose metabolism

Hypoglycemia was initially described in three patients with MPI-CDG. Hyperinsulinism that responded well to diazoxide was documented
(9). Though infrequent, hypoglycemia has been described in other types of CDG. PMM2-CDG is the most frequent CDG to manifest with
hypoglycemia. Vuralli et al. reviewed these cases. Hypoglycemia was reported in 37 (3.4%), among a total of 1.060 patients published in the
literature. While most of the cases presented with a wide spectrum of multisystem involvement, 24% was admitted solely due to symptoms of

hypoglycemia, occurring in the first year or in the early months of life (84). In an MPI-CDG case series, hypoglycemia was present in majority



of'the patients and classified as a potential presenting sign, however it was rarely alone. It mainly manifested during infancy (first hypoglycemia

observed from perinatal period to 3 years of age) with a mean age of 6.8 months (61).

The mechanism by which hypoglycosylation cause hyperinsulinism in patients with CDG is yet to be explained. Since hyperinsulinemic
hypoglycemia (HH) in patients with CDG respond well to diazoxide, hyperinsulinemia was explained by disorders of glycosylation in ATP-
sensitive potassium (KATP) channels (84). Physiologically, glucose metabolism alters intracellular ADP/ATP ratio resulting in insulin
secretion. ATP-channel binding induces channel closure, depolarization of membrane, and activation of voltage-dependent calcium channels,
leading to calcium influx, and exocytosis of insulin granules (85). In other words, KATP channels couple glucose metabolism to membrane
electrical activity and insulin release. KATP channels containing four ion channels (Kir6.2) and four regulatory SURI receptors control
glucose-stimulated release of insulin. Proper glycosylation of SUR1, is required for expression of KATP channels. Change in glycosylation of
SURLI in CDG is presumed to precipitate HH (4,86). Furthermore, insulin exerts its effects upon binding to the insulin receptor(IR). IR, consists
of two extracellular a subunits and two transmembrane [ subunits which are both glycoprotein in structure. Whether glycosylation (or

hypoglycosylation) of IR has a role in HH pathogenesis still needs to be delineated (87).

Out of the 25 cases with hypoglycemia described in Vuralli et al.’s study, 9 (36%) were due to HH (84). Though patients responded well to
diazoxide, one with permanent HH required pancreatectomy due to treatment side effects (20) (84). While patients with transient HH were
alive, 4/9 of the cases with permanent HH were deceased (84). Most common cause of hypoglycemia was HH in MPI-CDG (61). Two cases
with HH due to MPI-CDG were treated initially with a combination of frequent meals and diazoxide. Only after mannose was started, rapid
tapering of diazoxide without recurrent hypoglycemia was possible (27,88). Rapid-résolution of hypoglycemia following mannose
administration in patients with MPI-CDG supports the notion that glycosylation is required for maintenance of normoglycemia. Other forms
of CDG associated with HH are PGM1-CDG and ALG3-CDG (4,89,90). As HH was documented in several patients, one could also speculate
that glycosylation is important in the regulation of insulin secretion, possibly.0f the SUR1 receptor. However, HH was not detected in three of
the reported patients with hypoglycemia in another study (91). It should be kept in mind that poor feeding, feeding intolerance, vomiting,

diarrhea, and hepatic dysfunction may also contribute to hypoglycemia. Optimization of feeding is advised for better glycemic control (84).

Skeletal Features and Implications of CDG on Bone Mineral Density

Skeletal abnormalities (kypho/scoliosis, severe spinal cord deformities and vertebral compression fractures), joint laxity or contractures and
osteopenia are common in PMM2-CDG (15,92). Usually diagnosed during childhood, these findings effect health related quality of life (20).
Fractures are common and appear to heal normally. Fibrillar collagen type I and II which are initially synthesized as procollagens are present
in tendon, skin, epiphyseal growth plate and hyaliné cartilage, making up the extracellular matrix of bone. Post-translational modification of
procollagen I and procollagen II resulis in mature collagen I and 11, characterized by a triple helical domain with fibrillar properties. This
modification is achieved by N-glycosylation of C-férminal procollagen and subsequent cleavage of the N- and C-terminal propeptide domains.
Since mutations of genes encoding type I.and II collagen are known to cause skeletal dysplasia, it may be speculated that abnormal N-
glycosylation at this stephay result in skeletal phenotype in some CDGs. Skeletal features of CDGs are variable. This variability is explained
by the hypothesis that skeletal phenotype 1s a combined result of glycosylation defect and individual polymorphisms in genes responsible for

bone and skeletal development (93).

In addition o that, dentin and extracellular matrix of bone contains non-collagenous proteins (osteopontin, bone sialoprotein, dentin matrix
protein 1, dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein) which have a role in inhibition of bone mineralization
and regulation of osteoblast activity. Defects in glycosylation effects function of these glycoproteins, disrupting bone mineralization.
Osteopenia as well as exostoses described in some forms of CDG may potentially be a result of the imbalance between bone formation and
resorption. because of altered glycosylation of extracellular matrix proteins responsible for remodeling (92). Heparan sulphate, a
glycosaminoglycan usually found on cell surface and extracellular matrix, and fibrillin an extracellular matrix glycoprotein, play an integral
role in the structural integrity of various tissues with roles in ligand binding, cell adhesion and cell singling (94,95). Whether hypoglycolysation
of glycosaminoglycans as well as extracellular matrix glycoproteins have a role in skeletal dysplasia phenotype is a subject worth investigating
since skeletal phenotype of CDGs and mucopolysaccaridoses are different from each other. It is known that bone phenotype in CDGs is
multifactorial. Contributing factors are feeding difficulties, malabsorption, hepatic dysfunction, restrictions in movement as well as

hypogonadism and short stature (15,93) (96).

Skeletal dysplasia and associated short stature are well characterized in CDGs, including ALG12-CDG, ALG3-CDG, ALG9-CDG, ALG6-
CDG, PGM3-CDG, COG7- CDG, COG1-CDG and COG8-CDG and TMEM165-CDG (Table 1) (97,98,99). Short stature, generalized



osteopenia/osteoporosis and epi- and metaphyseal dysplasia were reported in patients with TMEMI165-CDG (100) (101,102).
Osteopenia/osteoporosis in CDG was mostly reported in PMM2-CDG, TMEM165-CDG, BAGALT7-CDG and B3GAT3-CDG (15,99,103).

As portrayed, glycosylation is essential for proteins involved in the development of cartilage and bone, as well as in skeletal patterning
pathways. CDGs should be considered in the differential diagnosis of skeletal dysplasias and defects in cartilage development, especially if
systemic involvement is present (15). Evaluation of bone health is generally overlooked in CDGs. Annual evaluation of conventional lateral
lumbar radiography is advised in patients with normal levels of serum calcium, phosphate, and magnesium. If fractures are observed,
measurement of bone mineral density via dual energy X-ray absorptiometry should be considered. Restoration of accompanying complications
associated with CDG, like malnutrition, hypovitaminosis D, enteropathy, hypogonadism, coagulopathy, and hepatic dysfunction is crucial for
bone health, and physical therapy will also improve bone mineralization. Patients with scoliosis should have regular orthopedic assessment
and intervention, and assessment for atlantoaxial instability is also required. PGM1-CDG and TMEM165-CDG, characterized by under
glycosylation of B-glycans were shown to improve glycosylation status following galactose supplementation (104,105). Mannose in MPI-
CDG is known to restore other endocrine system functions as well as enteropathy (27,78). However, it is not yet clear whether these disease
specific treatments have an impact on skeletal phenotype. Long-term prospective observational studies are needed to evaluate borie health in

CDGs and to inquire whether disease specific treatment as well as supportive management has an influence on findings.

Implications of CDG on prolactin

Fluctuating serum PRL was one of the initially described endocrine manifestations of CDG (106). PRL 1s a protein hormone (107). Numerous
variants of the PRL have been identified, many of which result from post-translational modification (phosphorylation, glycosylation, sulfation
and deamidation) of mature PRL protein (108). PRL receptor is a class 1 recepfor composed of three major domains (extracellular,
transmembrane, and intracellular). Extracellular domain is known to be glycosylated. However, neither the structure nor variation of the
polysaccharides associated with the PRL receptor have been identified (109).Becauseof the positranslational modifications described in both
PRL and its receptor, glycosylation defects are expected to alter serum PRL leveis and PRL signaling, however, to this day, this area of

endocrine manifestation remains largely unexplored.

In a case series of PMM2-CDG, basal serum PRL concentrations were reported o be normally elevated in three studied newborns and normally
low (<I5 pg/L) in 22/26 patients examined after neonatal period. Slightly elevated basal PRL levels were observed in four female patients (31
and 39 pg/L) (10).

Conclusion and future prospects

Glycoproteins are essential for endocrine homeostasis<where alterations in glycosylation change hormone and carrier protein stability,
circulatory half-life and abundance, teceptor configuration, activation, hormone-substrate affinity and reset endocrine control and feedback
loops. Therefore, every endoefine axis may be affected in CDGs. It is known that CDG should be considered in patients with multisystemic
disease, especially in cases with neurologic findings of nonspecific developmental delay with unclear etiology. CDGs should also be considered

in the differential diagnosis of patients with endocrine manifestations of unclear etiology and multisystem involvement.

Clinical findings of CDG regarding endocrine system may be masked or mimicked by other, more severe CDG symptoms and endocrine
problems may be overlooked. Evaluation of laboratory results in individuals with CDG may be difficult to navigate as structurally and
functionally altered glycosylated proteins precede changed serum hormone levels. Considering this, regular evaluation of endocrine
manitestations is advised (Table 2). In vitro and clinical studies focusing on defects of glycosylation and its effects are emerging hence there
are some limitations in the existing literature that should be acknowledged. As seen, large-scale clinical studies focusing on implications of
disorders of glycosylation on endocrine systems are scarce and data are mostly derived from case series. Studies focusing on alterations of
glycosylation patterns and three dimensional structure of specific hormones may help clarify pathophysiology of hypogonadism, Al and defects
ol bone mineralization. Large scale proteomic and metabolomic profiling may help delineate these shortcomings of literature and help project
specific endocrine implications as well as natural course of disease. Natural course studies with international participation focusing on growth,
puberty, bone mineralization as well as thyroid and adrenal involvement are necessary. Results of disease specific treatments (ie. galactose,

and mannose) focusing on endocrine systems should be sought after.

Conflict of Interest



Zeynep Alev Ozén is an Associate Editor of the Journal of Clinical Research in Pediatric Endocrinology. However, the reviewers evaluating
this manuscript were blinded and were from different institutions. She was not involved in the editorial review of this manuscript to avoid

prejudice that may disrupt impartiality. Yagmur Unsal declares no conflict of interest.

Author Contributions
YU: performed the literature research, drafted the initial manuscript, and reviewed and revised the manuscript. ZAO: conceptualized the work
performed the literature search and revised and critically reviewed the manuscript for important intellectual and medical content. All authors

approved the final manuscript as submitted and agree to be accountable for all aspects of the work.

Funding

None declared.

Acknowledgments

None declared.

References

1. Eichler J. Protein glycosylation. Curr Biol 2019;29:R229-r231.

2. Paprocka J, Jezela-Stanek A, Tylki-Szymanska A, Grunewald S. Congenital Disorders of Glycosylation from a Neurological
Perspective. Brain Sci 2021;11. Epub 20210111

3. Varki A. Biological roles of oligosaccharides: all of the theories are correct. Glycobiology 1993:3:97-130.

4. Miller BS, Freeze HH. New disorders in carbohydrate metabolism: congenital disorders of glycosylation and their impact on the
endocrine system. Rev Endocr Metab Disord 2003;4:103-113.

5. Alsharhan H, Ng BG, Daniel EJP, Friedman J, Pivnick EK, Al-Hashem A, Fagein EA; Liu P, Engelhardt NM, Keller KN, Chen J,

Mazzeo PA, Rosenfeld JA, Bamshad MJ, Nickerson DA, Raymond KM, Freeze HH, Hé M, Edmondson AC, Lam C. Expanding the phenotype,
genotype and biochemical knowledge of ALG3-CDG. J Inherit Metab Dis 2021;44:987-1000. Epub 20210301

6. Monticelli M, D’Onofrio T, Jaeken J, Morava E, Andreotti G, Cubellis MV. Congenital disorders of glycosylation: narration of a
story through its patents. Orphanet Journal of Rare Diseases 2023;18:247.
7. Jaeken J, Vanderschueren-Lodeweyckx M, Casaer P, Snoeck L. Corbeel L, Eggermont E, Eeckels R. Familial psychomotor

retardation with markedly fluctuating serum prolactin, FSH and GH lévels, partial TBG-deficiency, increased serum arylsulphatase A and
increased CSF protein: a new syndrome?: 90. Pediatric Research 1980:14:179-179.

8. Francisco R, Marques-da-Silva D, Brasil S, Pascoal C,Dos Reis Ferreira V, Morava E, Jaeken J. The challenge of CDG diagnosis.
Mol Genet Metab 2019;126:1-5. Epub 20181109

9. Chang 1J, He M, Lam CT. Congenital disorders of glycosylation. Ann Transl Med 2018;6:477.

10. de Zegher F, Jacken J. Endocrinology of the catbohydrate-deficient glycoprotein syndrome type 1 from birth through adolescence.
Pediatr Res 1995;37:395-401.

1. Jaeken J, Matthijs G. Congenital disordets of glycosylation: a rapidly expanding disease family. Annu Rev Genomics Hum Genet
2007;8:261-278.

12. Matthijs G, Schollen E, Bjursell C, Erlandson A, Freeze H, Imtiaz F, Kjaergaard S, Martinsson T, Schwartz M, Seta N, Vuillaumier-

Barrot S, Westphal V, Winchester B. Mutations in' PMM?2 that cause congenital disorders of glycosylation, type la (CDG-Ia). Hum Mutat
2000;16:386-394.

13. Haeuptle MA, Hennet T. Congenital disorders of glycosylation: an update on defects affecting the biosynthesis of dolichol-linked
oligosaccharides. Hum Mutat 2009;30:1628-1641"

14. Jaeken J, Hennet T, Matthijs G, Freeze HH. CDG nomenclature: time for a change! Biochim Biophys Acta 2009;1792:825-826.
15. Lipinski P, Stepiefi KM, Ciara E, Tylki-Szymanska A, Jezela-Stanek A. Skeletal and Bone Mineral Density Features, Genetic Profile
in Congenital Disorders of Glycosylation: Review. Diagnostics (Basel) 2021;11. Epub 20210809

16. Gardeitchik T, Wyckmans J; Morava E. Complex Phenotypes in Inborn Errors of Metabolism: Overlapping Presentations in
Congenital Disorders of Glycosylation and Mitochondrial Disorders. Pediatr Clin North Am 2018;65:375-388.

17. Ondruskova N, Cechova A, Hansikova H, Honzik T, Jaeken J. Congenital disorders of glycosylation: Still "hot" in 2020. Biochim
Biophys Acta Gen Subj 2021:1865:129751. Epub 20200928

18. Rymen D, Jaeken J. Skin manifestations in CDG. J Inherit Metab Dis 2014;37:699-708. Epub 20140220

19. Jaeken J, Rymen D, Matthijs G. Congenital disorders of glycosylation: other causes of ichthyosis. Eur ] Hum Genet 2014;22:444.
Epub20130731

20. Altassan R, Péanne R, Jacken J, Barone R, Bidet M, Borgel D, Brasil S, Cassiman D, Cechova A, Coman D, Corral J, Correia J, de

la Morena-Barrio ME, de Lonlay P, Dos Reis V, Ferreira CR, Fiumara A, Francisco R, Freeze H, Funke S, Gardeitchik T, Gert M, Girad M,
Gires M, Griinewald S, Hernandez-Caselles T, Honzik T, Hutter M, Krasnewich D, Lam C, Lee J, Lefeber D, Marques-de-Silva D, Martinez
AF, Moravej H, Ounap K, Pascoal C, Pascreau T, Patterson M, Quelhas D, Raymond K, Sarkhail P, Schiff M, Seroczynska M, Serrano M,
Seta N, Sykut-Cegielska J, Thiel C, Tort F, Vals MA, Videira P, Witters P, Zeevaert R, Morava E. International clinical guidelines for the
management of phosphomannomutase 2-congenital disorders of glycosylation: Diagnosis, treatment and follow up. J Inherit Metab Dis
2019;42:5-28.

21 van Ommen CH, Peters M, Barth PG, Vreken P, Wanders RJ, Jacken J. Carbohydrate-deficient glycoprotein syndrome type la: a
variant phenotype with borderline cognitive dysfunction, cerebellar hypoplasia, and coagulation disturbances. J Pediatr 2000;136:400-403.
22. Griinewald S, Imbach T, Huijben K, Rubio-Gozalbo ME, Verrips A, de Klerk JB, Stroink H, de Rijk-van Andel JF, Van Hove JL,

Wendel U, Matthijs G, Hennet T, Jacken J, Wevers RA. Clinical and biochemical characteristics of congenital disorder of glycosylation type
Ic, the first recognized endoplasmic reticulum defect in N-glycan synthesis. Ann Neurol 2000;47:776-781.

23. Barone R, Pavone L, Fiumara A, Bianchini R, Jacken J. Developmental patterns and neuropsychological assessment in patients
with carbohydrate-deficient glycoconjugate syndrome type IA (phosphomannomutase deficiency). Brain Dev 1999;21:260-263.

24. Jaeken J, Carchon H. Congenital disorders of glycosylation: the rapidly growing tip of the iceberg. Curr Opin Neurol 2001;14:811-
815.

25. Raynor A, Haouari W, Lebredonchel E, Foulquier F, Fenaille F, Bruneel A. Biochemical diagnosis of congenital disorders of

glycosylation. Adv Clin Chem 2024;120:1-43. Epub 20240416



26. Péanne R, de Lonlay P, Foulquier F, Kornak U, Lefeber DJ, Morava E, Pérez B, Seta N, Thiel C, Van Schaftingen E, Matthijs G,
Jaeken J. Congenital disorders of glycosylation (CDG): Quo vadis? Eur J Med Genet 2018;61:643-663. Epub 20171025

27. Babovic-Vuksanovic D, Patterson MC, Schwenk WF, O'Brien JF, Vockley J, Freeze HH, Mehta DP, Michels VV. Severe
hypoglycemia as a presenting symptom of carbohydrate-deficient glycoprotein syndrome. J Pediatr 1999;135:775-781.

28. Hendriksz CJ, McClean P, Henderson MJ, Keir DG, Worthington VC, Imtiaz F, Schollen E, Matthijs G, Winchester BG. Successful
treatment of carbohydrate deficient glycoprotein syndrome type 1b with oral mannose. Arch Dis Child 2001;85:339-340.

29. Miller BS, Dufty MM, Addo OY, Sarafoglou K. rhIGF-1 Therapy for Growth Failure and IGF-1 Deficiency in Congenital Disorder
of Glycosylation Ia (PMM2 Deficiency). J Investig Med High Impact Case Rep 2013;1:2324709613503316. Epub 20130905

30. J. JAEKEN BHaPSM. Clinical Presentation and Natural Course of the Carbohydrate-deficient Glycoprotein Syndrome. Acta
Paediatr 1991;375:6-13.

31. Kjaergaard S, Miiller J, Skovby F. Prepubertal growth in congenital disorder of glycosylation type la (CDG-Ia). Arch Dis Child
2002;87:324-327.

32. Mousikou M, Kyriakou A, Skordis N. Stress and Growth in Children and Adolescents. Horm Res Paediatr 2023;96:25-35. Epub
20211123

33. LeRoith D, Yakar S. Mechanisms of disease: metabolic effects of growth hormone and insulin-like growth factor 1. Nat Clin Pract
Endocrinol Metab 2007;3:302-310.

34. Baxter RC. Circulating binding proteins for the insulinlike growth factors. Trends Endocrinol Metab 1993;4:91:96.

35. Twigg SM, Baxter RC. Insulin-like growth factor (IGF)-binding protein 5 forms an alternative ternary complex with IGFs and the
acid-labile subunit. J Biol Chem 1998;273:6074-6079.

36. Rajaram S, Baylink DJ, Mohan S. Insulin-like growth factor-binding proteins in serum and other biological fluids: regulation and
functions. Endocr Rev 1997;18:801-831.

37. Guler HP, Zapf J, Schmid C, Froesch ER. Insulin-like growth factors I and II in healthy man. Estiniations of half-lives and
production rates. Acta Endocrinol (Copenh) 1989;121:753-758.

38. Kim H, Fu Y, Hong HJ, Lee SG, Lee DS, Kim HM. Structural basis for assembly and disassembly of the IGF/IGFBP/ALS ternary
complex. Nat Commun 2022;13:4434. Epub 20220730

39. Boisclair YR, Rhoads RP, Ueki I, Wang J, Ooi GT. The acid-labile subunit (ALS) of the 150 kPa IGF-binding protein complex: an
important but forgotten component of the circulating IGF system. J Endocrinol 2001;170:63-70.

40. Janosi JB, Firth SM, Bond JJ, Baxter RC, Delhanty PJ. N-Linked glycosylation and sialylation of the acid-labile subunit. Role in
complex formation with insulin-like growth factor (IGF)-binding protein-3 and the IGFs. J Biol Chem 1999;274:5292-5298.

41. Miller BS, Khosravi MJ, Patterson MC, Conover CA. IGF system in children with congenital disorders of glycosylation. Clin
Endocrinol (Oxf) 2009;70:892-897. Epub 20090122

42. Dhaunsi GS. Receptor-mediated selective impairment of insulifi-like growth. factor-1 activity in congenital disorders of
glycosylation patients. Pediatr Res 2017;81:526-530. Epub 20160418

43. Peters C, Schoenmakers N. MECHANISMS IN ENDOCRINOLOGY: <The pathophysiology of transient congenital
hypothyroidism. Eur J Endocrinol 2022;187:R1-r16. Epub 20220620

44. Jaeken J, Stibler H, Hagberg B. The carbohydrate-deficicnt glycoprotein §yndrome. A new inherited multisystemic disease with
severe nervous system involvement. Acta Paediatr Scand Suppl 1991;375:1.71.

45. Jaeken J, Carchon H. The carbohydrate-deficient glycoprotein syndromes: an overview. J Inherit Metab Dis 1993;16:813-820.

46. Macchia PE, Harrison HH, Scherberg NH, Sunthornthepfvarakul T, Jacken J, Refetoff S. Thyroid function tests and characterization
of thyroxine-binding globulin in the carbohydrate-deficient glycoprotéin syndrome type 1. J Clin Endocrinol Metab 1995;80:3744-3749.

47. Zabczynska M, Koztowska K, Poche¢ E. Glycosylation in the Thyroid Gland: Vital Aspects of Glycoprotein Function in Thyrocyte
Physiology and Thyroid Disorders. Int ] Mol Sci 2018;19. Epub 20180917

48. Citterio CE, Targovnik HM, Arvan P. The role of thyroglobulin in thyroid hormonogenesis. Nat Rev Endocrinol 2019;15:323-338.
49. Targovnik HM, Scheps KG, Rivolta. CM. Defects in protein folding in congenital hypothyroidism. Mol Cell Endocrinol
2020;501:110638. Epub 20191118

50. Targovnik HM, Citterio CE; Rivolta CM. lodide handling disorders (NIS, TPO, TG, IYD). Best Pract Res Clin Endocrinol Metab
2017;31:195-212. Epub 20170404

51. Grasberger H, De Deken X, Miot F, Pohlenz J, Refetoff S. Missense mutations of dual oxidase 2 (DUOX2) implicated in congenital

hypothyroidism have impaired trafficking in cells reconstituted with DUOX2 maturation factor. Mol Endocrinol 2007;21:1408-1421. Epub
20070320

52. Ruf J, Carayon P. Structural.and functional aspects of thyroid peroxidase. Arch Biochem Biophys 2006;445:269-277. Epub
20050727

53. Fayadat L, Niceoli-Sire P, Lanet J, Franc JL. Human thyroperoxidase is largely retained and rapidly degraded in the endoplasmic
reticulum. Its N<glycans are required for folding and intracellular trafficking. Endocrinology 1998;139:4277-4285.

54. Azroyan A, Laghmani K, Crambert G, Mordasini D, Doucet A, Edwards A. Regulation of pendrin by pH: dependence on
glycosylation. Biochem J 2011;434:61-72.

55. Thotakura NR{ Desai RK, Szkudlinski MW, Weintraub BD. The role of the oligosaccharide chains of thyrotropin alpha- and beta-
subunits in hormone action. Endocrinology 1992;131:82-88.

56. Graves P, Pritsker A, Davies TF. Post-translational processing of the natural human thyrotropin receptor: demonstration of more
than two cleavage sites. J Clin Endocrinol Metab 1999;84:2177-2181.

57. QOda'Y, Sanders J, Roberts S, Maruyama M, Kiddie A, Furmaniak J, Smith BR. Analysis of carbohydrate residues on recombinant
human thyrotropin receptor. J Clin Endocrinol Metab 1999;84:2119-2125.

58. van de Kamp JM, Lefeber DJ, Ruijter GJ, Steggerda SJ, den Hollander NS, Willems SM, Matthijs G, Poorthuis BJ, Wevers RA.
Congenital disorder of glycosylation type la presenting with hydrops fetalis. J Med Genet 2007;44:277-280. Epub 20061208

59. Griinewald S. The clinical spectrum of phosphomannomutase 2 deficiency (CDG-Ia). Biochim Biophys Acta 2009;1792:827-834.
Epub 20090114

60. Mohamed M, Theodore M, Claahsen-van der Grinten H, van Herwaarden AE, Huijben K, van Dongen L, Kouwenberg D, Lefeber
DJ, Wevers RA, Morava E. Thyroid function in PMM2-CDG: diagnostic approach and proposed management. Mol Genet Metab
2012;105:681-683. Epub 20120213

61. Cechova A, Altassan R, Borgel D, Bruneel A, Correia J, Girard M, Harroche A, Kiec-Wilk B, Mohnike K, Pascreau T, Pawlinski
L, Radenkovic S, Vuillaumier-Barrot S, Aldamiz-Echevarria L, Couce ML, Martins EG, Quelhas D, Morava E, de Lonlay P, Witters P, Honzik
T. Consensus guideline for the diagnosis and management of mannose phosphate isomerase-congenital disorder of glycosylation. J Inherit
Metab Dis 2020;43:671-693. Epub 20200421

62. Eklund EA, Sun L, Westphal V, Northrop JL, Freeze HH, Scaglia F. Congenital disorder of glycosylation (CDG)-Ih patient with a
severe hepato-intestinal phenotype and evolving central nervous system pathology. J Pediatr 2005;147:847-850.

10



63. Téblick A, Peeters B, Langouche L, Van den Berghe G. Adrenal function and dysfunction in critically ill patients. Nat Rev
Endocrinol 2019;15:417-427.

64. Cawley NX, Li Z, Loh YP. 60 YEARS OF POMC: Biosynthesis, trafficking, and secretion of pro-opiomelanocortin-derived
peptides. J Mol Endocrinol 2016;56:T77-97. Epub 20160215

65. Bale TL, Vale WW. CRF and CRF receptors: role in stress responsivity and other behaviors. Annu Rev Pharmacol Toxicol
2004;44:525-557.

66. Beuschlein F, Fassnacht M, Klink A, Allolio B, Reincke M. ACTH-receptor expression, regulation and role in adrenocortial tumor
formation. Eur J Endocrinol 2001;144:199-206.

67. Oyola MG, Handa RJ. Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: sex differences in regulation of
stress responsivity. Stress 2017;20:476-494. Epub 20170831

68. de Kloet ER, Joéls M, Holsboer F. Stress and the brain: from adaptation to disease. Nat Rev Neurosci 2005;6:463-475.

69. Assil 1Q, Abou-Samra AB. N-glycosylation of CRF receptor type 1 is important for its ligand-specific interaction. Am J Phiysiol
Endocrinol Metab 2001;281:E1015-1021.

70. Roy S, Perron B, Gallo-Payet N. Role of asparagine-linked glycosylation in cell surface expression and function of the human
adrenocorticotropin receptor (melanocortin 2 receptor) in 293/FRT cells. Endocrinology 2010;151:660-670. Epub 20091218

71. Cechova A, Honzik T, Edmondson AC, Ficicioglu C, Serrano M, Barone R, De Lonlay P, Schiff M, Witters P, Ilaim C, Patterson

M, Janssen MCH, Correia J, Quelhas D, Sykut-Cegielska J, Plotkin H, Morava E, Sarafoglou K. Should patients with Phosphomannomutase
2-CDG (PMM2-CDG) be screened for adrenal insufficiency? Mol Genet Metab 2021;133:397-399. Epub 20210611

72. Ulloa-Aguirre A, Maldonado A, Damian-Matsumura P, Timossi C. Endocrine regulation of gonadotropin.glycosylation. Arch Med
Res 2001;32:520-532.

73. Kaiser UB, Conn PM, Chin WW. Studies of gonadotropin-releasing hormone (GnRH) action using GnRI receptor-expressing
pituitary cell lines. Endocr Rev 1997;18:46-70.

74. Stamatiades GA, Kaiser UB. Gonadotropin regulation by pulsatile GnRH: Signaling and gefic éxpression. Mol Cell Endocrinol
2018;463:131-141. Epub 20171102

75. Wide L, Eriksson K. Molecular size and charge as dimensions to identify and characterize circulating glycoforms of human FSH,
LH and TSH. Ups J Med Sci 2017;122:217-223. Epub 20180104

76. Kristiansson B, Stibler H, Wide L. Gonadal function and glycoprotein hormones in the carbohydrate-deficient glycoprotein (CDG)
syndrome. Acta Paediatr 1995;84:655-659.

77. Miller BS, Freeze HH, Hoftfmann GF, Sarafoglou K. Pubertal development in  ALG6 deficiency (congenital disorder of
glycosylation type Ic). Mol Genet Metab 2011;103:101-103. Epub 20110203

78. Westphal V, Kjaergaard S, Davis JA, Peterson SM, Skovby F, Freeze' HH. Genetic and metabolic analysis of the first adult with
congenital disorder of glycosylation type Ib: long-term outcome and effects of fnannose supplementation. Mol Genet Metab 2001;73:77-85.
79. Niehues R, Hasilik M, Alton G, Koérner C, Schiebe-Sukumar M, och HG, Zimmer KP, Wu R, Harms E, Reiter K, von Figura K,

Freeze HH, Harms HK, Marquardt T. Carbohydrate-deficient glycoprotein syndrome type Ib. Phosphomannose isomerase deficiency and
mannose therapy. J Clin Invest 1998;101:1414-1420.

80. Deeb A, Al Amoodi A. A novel homozygous mutation<n the mannose phosphate isomerase gene causing congenital disorder of
glycation and hyperinsulinemic hypoglycemia in an infant. Clin Case Rep 2018;6:479-483. Epub 20180125

81. Wolthuis DF, Janssen MC, Cassiman D, Lefeber DI, Morava E. Defining the phenotype and diagnostic considerations in adults
with congenital disorders of N-linked glycosylation. Expert Rev Mol Diagn 2014;14:217-224. Epub 20140213

82. Pérez-Dueiias B, Garcia-Cazorla A, Pineda M, Poo P, Campistol J, Cusi V, Schollen E, Matthijs G, Grunewald S, Briones P, Pérez-
Cerda C, Artuch R, Vilaseca MA. Long-term evolution of eight Spanish patients with CDG type la: typical and atypical manifestations. Eur J
Paediatr Neurol 2009;13:444-451. Epub 20081022

83. Eklund EA, Miller BS, Boucher AA. Thrombosis risk with estrogen use for puberty induction in congenital disorders of
glycosylation. Mol Genet Metab 2023;138:107562. Epub 20220330

84. Vuralli D, Yildiz Y, Ozon A, Dursun A, Gong N; Tokath A, Sivri HS, Alikasifoglu A. Hyperinsulinism May Be Underreported in
Hypoglycemic Patients with Phosphoniannomutase 2 Deficiency. J Clin Res Pediatr Endocrinol 2022;14:275-286. Epub 20220321

85. De Franco E, Saint-Martin C, Brusgaard K, Knight Johnson AE, Aguilar-Bryan L, Bowman P, Arnoux JB, Larsen AR, Sanyoura
M, Greeley SAW, Calzada-Leon R, Harnian B, Houghton JAL, Nishimura-Meguro E, Laver TW, Ellard S, Del Gaudio D, Christesen HT,
Bellanné-Chantelot C, Flanagan SE. Update of variants identified in the pancreatic B-cell K(ATP) channel genes KCNJ11 and ABCCS in
individuals with congenitaliyperinsulinisn and diabetes. Hum Mutat 2020;41:884-905. Epub 20200217

86. Conti LR, Radeke CM, Vandenberg CA. Membrane targeting of ATP-sensitive potassium channel. Effects of glycosylation on
surface expression. J Biol Cherit 2002;277:25416-25422. Epub 20020506

87. Belfiore A, Malaguarnera R, Vella V, Lawrence MC, Sciacca L, Frasca F, Morrione A, Vigneri R. Insulin Receptor Isoforms in
Physiology and Disease: An Updated View. Endocr Rev 2017;38:379-431.

88. de Lonlay P, Cuer M, Vuillaumier-Barrot S, Beaune G, Castelnau P, Kretz M, Durand G, Saudubray JM, Seta N. Hyperinsulinemic
hypoglycemia as a presenting sign in phosphomannose isomerase deficiency: A new manifestation of carbohydrate-deficient glycoprotein
syndrofne treatable with-mannose. J Pediatr 1999;135:379-383.

89. Kranz €, Basinger AA, Gligsavas-Calikoglu M, Sun L, Powell CM, Henderson FW, Aylsworth AS, Freeze HH. Expanding spectrum
of congenital disorder of glycosylation Ig (CDG-Ig): sibs with a unique skeletal dysplasia, hypogammaglobulinemia, cardiomyopathy, genital
malformations, and early lethality. Am J Med Genet A 2007;143a:1371-1378.

90. Sun L, Eklund EA, Chung WK, Wang C, Cohen J, Freeze HH. Congenital disorder of glycosylation id presenting with
hyperinsulinemic hypoglycemia and islet cell hyperplasia. J Clin Endocrinol Metab 2005;90:4371-4375. Epub 20050419

91. Avery’s Diseases of the Newborn. Jain V MR. 9th ed. Philadelphia, Elsevier, 2018; 1320-1329.

92. Coman D, Irving M, Kannu P, Jacken J, Savarirayan R. The skeletal manifestations of the congenital disorders of glycosylation.
Clin Genet 2008;73:507-515. Epub 20080506

93. Witters P, Cassiman D, Morava E. Nutritional Therapies in Congenital Disorders of Glycosylation (CDG). Nutrients 2017;9. Epub
20171107

94. Salmivirta M, Lidholt K, Lindahl U. Heparan sulfate: a piece of information. Faseb j 1996;10:1270-1279.

95. Argraves WS, Greene LM, Cooley MA, Gallagher WM. Fibulins: physiological and disease perspectives. EMBO Rep 2003;4:1127-
1131.

96. Verheijen J, Tahata S, Kozicz T, Witters P, Morava E. Therapeutic approaches in Congenital Disorders of Glycosylation (CDG)
involving N-linked glycosylation: an update. Genet Med 2020;22:268-279. Epub 20190919

97. Sassi A, Lazaroski S, Wu G, Haslam SM, Fliegauf M, Mellouli F, Patiroglu T, Unal E, Ozdemir MA, Jouhadi Z, Khadir K, Ben-

Khemis L, Ben-Ali M, Ben-Mustapha I, Borchani L, Pfeifer D, Jakob T, Khemiri M, Asplund AC, Gustafsson MO, Lundin KE, Falk-Sorqvist
E, Moens LN, Gungor HE, Engelhardt KR, Dziadzio M, Stauss H, Fleckenstein B, Meier R, Prayitno K, Maul-Pavicic A, Schaffer S,
Rakhmanov M, Henneke P, Kraus H, Eibel H, Kolsch U, Nadifi S, Nilsson M, Bejaoui M, Schiffer AA, Smith CI, Dell A, Barbouche MR,

11



Grimbacher B. Hypomorphic homozygous mutations in phosphoglucomutase 3 (PGM3) impair immunity and increase serum IgE levels. J
Allergy Clin Immunol 2014;133:1410-1419, 1419.¢1411-1413. Epub 20140401

98. Tham E, Eklund EA, Hammarsjo A, Bengtson P, Geiberger S, Lagerstedt-Robinson K, Malmgren H, Nilsson D, Grigelionis G,
Conner P, Lindgren P, Lindstrand A, Wedell A, Albage M, Zielinska K, Nordgren A, Papadogiannakis N, Nishimura G, Grigelioniene G. A
novel phenotype in N-glycosylation disorders: Gillessen-Kaesbach-Nishimura skeletal dysplasia due to pathogenic variants in ALG9. Eur J
Hum Genet 2016;24:198-207. Epub 20150513

99. Foulquier F, Amyere M, Jacken J, Zeevaert R, Schollen E, Race V, Bammens R, Morelle W, Rosnoblet C, Legrand D, Demaegd
D, Buist N, Cheillan D, Guffon N, Morsomme P, Annaert W, Freeze HH, Van Schaftingen E, Vikkula M, Matthijs G. TMEM165 deficiency
causes a congenital disorder of glycosylation. Am J Hum Genet 2012;91:15-26. Epub 20120607

100. Zeevaert R, de Zegher F, Sturiale L, Garozzo D, Smet M, Moens M, Matthijs G, Jacken J. Bone Dysplasia as a Key Feature in Three
Patients with a Novel Congenital Disorder of Glycosylation (CDG) Type 1I Due to a Deep Intronic Splice Mutation in TMEM165. JIMD Rep
2013;8:145-152. Epub 20120822

101. Morava E, Zeevaert R, Korsch E, Huijben K, Wopereis S, Matthijs G, Keymolen K, Lefeber DJ, De Meirleir L, Wevers RA. A
common mutation in the COG7 gene with a consistent phenotype including microcephaly, adducted thumbs, growth retardation, VSD and
episodes of hyperthermia. Eur J Hum Genet 2007;15:638-645. Epub 20070314

102. Foulquier F, Ungar D, Reynders E, Zeevaert R, Mills P, Garcia-Silva MT, Briones P, Winchester B, Morelle W, Kricger M. Annaert
W, Matthijs G. A new inborn error of glycosylation due to a Cog8 deficiency reveals a critical role for the Cogl-Cogg8 interaction in COG
complex formation. Hum Mol Genet 2007;16:717-730. Epub 20070112

103. Ritelli M, Cinquina V, Giacopuzzi E, Venturini M, Chiarelli N, Colombi M. Further Defining the Phenotypic Spectrum of B3GAT3
Mutations and Literature Review on Linkeropathy Syndromes. Genes (Basel) 2019;10. Epub 20190821
104. Morelle W, Potelle S, Witters P, Wong S, Climer L, Lupashin V, Matthijs G, Gadomski T, Jaeken J, Cassiman D, Morava E,

Foulquier F. Galactose Supplementation in Patients With TMEM165-CDG Rescues the Glycosylation Detects. J*Clin Endocrinol Metab
2017;102:1375-1386.

105. Dorre K, Olczak M, Wada Y, Sosicka P, Griineberg M, Reunert J, Kurlemann G, Fiedler B, Biskup S, Hortnagel K, Rust S,
Marquardt T. A new case of UDP-galactose transporter deficiency (SLC35A2-CDG): molecular basis, cliniical phenotype, and therapeutic
approach. J Inherit Metab Dis 2015;38:931-940. Epub 20150317

106. Jaeken J V-LM, Casaer P, et al. . Familial psychomotor retardation with markedly fluctuating serum prolactin, FSH and GH levels,
partial TBG-deficiency, increased serum arylsulphatase A and increased CSF proteifii-a new syndrome? Pediatr Res 1980 doi:
10.1203/00006450-198002000-00117

107. Huising MO, Kruiswijk CP, Flik G. Phylogeny and evolution of class-I helical cytokines. J Endocrinol 2006;189:1-25.

108. Saleem M, Martin H, Coates P. Prolactin Biology and Laboratory Measurement: An Update on Physiology and Current Analytical
Issues. Clin Biochem Rev 2018;39:3-16.

109. Brooks CL. Molecular mechanisms of prolactin and its receptor.indocr Rev 2012;33:504-525. Epub 20120510

110. Shanti B, Silink M, Bhattacharya K, Howard NJ, Carpenter. K, Fietz M, Clayton P, Christodoulou J. Congenital disorder of

glycosylation type la: heterogeneity in the clinical presentation from multivisceral failiire to hyperinsulinaemic hypoglycaemia as leading
symptoms in three infants with phosphomannomutase deficiency. Jnherit Metab Dis2009;32 Suppl 1:5241-251. Epub 20090427

111. Freeze HH, Aebi M. Molecular basis of carbohydrate-deficient glycoprotein syndromes type I with normal phosphomannomutase
activity. Biochim Biophys Acta 1999;1455:167-178.
112. Vuillaumier-Barrot S, Le Bizec C, de Lonlay P, Barnier A, Mitchell G, Pelletier V, Prevost C, Saudubray JM, Durand G, Seta N.

Protein losing enteropathy-hepatic fibrosis syndrome in Saguenay-Lac St-Jean, Quebec is a congenital disorder of glycosylation type Ib. J Med
Genet 2002;39:849-851.

113. Burda P, Borsig L, de Rijk-van Andel J, Wevers R, Jaeken J, Carchon H, Berger EG, Aebi M. A novel carbohydrate-deficient
glycoprotein syndrome characterized by a deficiency inglucosylation of the dolichol-linked oligosaccharide. J Clin Invest 1998;102:647-652.
114. Korner C, Knauer R, Holzbach U, Hanefeld F, Lehle L, von Figura K. Carbohydrate-deficient glycoprotein syndrome type V:
deficiency of dolichyl-P-Glc:Man9GlcN A¢2-PP-dolichyl ghicosyltransferase. Proc Natl Acad Sci U S A 1998;95:13200-13205.

115. Sun L, Eklund EA, Van Hove JL, Freeze HH, Thomas JA. Clinical and molecular characterization of the first adult congenital
disorder of glycosylation (CDG) type lc patient. Am J Med Genet A 2005;137:22-26.

116. AlSubhi S, AlHashem A, AlAzami A, Tlili K, AlShahwan S, Lefeber D, Alkuraya FS, Tabarki B. Further Delineation of the ALG9-
CDG Phenotype. JIMD Rep 2016;27:107-112. Epub 20151010

117. Chantret I, Dupi¢ T, Delenda C, Bucher S, Dancourt J, Barnier A, Charollais A, Heron D, Bader-Meunier B, Danos O, Seta N,

Durand G, Oriol R, Codogno P. Moore SE. Congenital disorders of glycosylation type Ig is defined by a deficiency in dolichyl-P-
mannose:Man7GlcNAc2-PP-dolichyl mannosyltransferase. J Biol Chem 2002;277:25815-25822. Epub 20020430

118. Zeevaert R, Scalais £, Muino Mosquera L, De Meirleir L, De Beaufort C, Witsch M, Jaeken J, De Schepper J. PGM1 deficiency
diagnosed during an endocrine work-up of low IGF-1 mediated growth failure. Acta Clin Belg 2016;71:435-437. Epub 20160524
119. Radenkovic S, Bird MJ, Emmerzaal TL, Wong SY, Felgueira C, Stiers KM, Sabbagh L, Himmelreich N, Poschet G, Windmolders

P, Verheijen J, Witters P, Altassan R, Honzik T, Eminoglu TF, James PM, Edmondson AC, Hertecant J, Kozicz T, Thiel C, Vermeersch P,
Cassinian D, Beanier I, Morava E, Ghesquiére B. The Metabolic Map into the Pathomechanism and Treatment of PGM1-CDG. Am J Hum
Genet 2019;104:835-846. Epub 20190411

120. Altassan R, Radenkovic S, Edmondson AC, Barone R, Brasil S, Cechova A, Coman D, Donoghue S, Falkenstein K, Ferreira V,
Ferreira €, Fiumara A, Francisco R, Freeze H, Grunewald S, Honzik T, Jacken J, Krasnewich D, Lam C, Lee J, Lefeber D, Marques-da-Silva
D, Pascoal € Quelhas D, Raymond KM, Rymen D, Seroczynska M, Serrano M, Sykut-Cegielska J, Thiel C, Tort F, Vals MA, Videira P,
Voermans N, Witters P, Morava E. International consensus guidelines for phosphoglucomutase 1 deficiency (PGM1-CDG): Diagnosis, follow-
up, and management. J Inherit Metab Dis 2021;44:148-163. Epub 20200915

121. Verheijen J, Wong SY, Rowe JH, Raymond K, Stoddard J, Delmonte OM, Bosticardo M, Dobbs K, Niemela J, Calzoni E, Pai SY,
Choi U, Yamazaki Y, Comeau AM, Janssen E, Henderson L, Hazen M, Berry G, Rosenzweig SD, Aldhekri HH, He M, Notarangelo LD,
Morava E. Defining a new immune deficiency syndrome: MAN2B2-CDG. J Allergy Clin Immunol 2020;145:1008-1011. Epub 20191124
122. Fusco C, Nardella G, Fischetto R, Copetti M, Petracca A, Annunziata F, Augello B, D'Asdia MC, Petrucci S, Mattina T, Rella A,
Cassina M, Bengala M, Biagini T, Causio FA, Caldarini C, Brancati F, De Luca A, Guarnieri V, Micale L, D'Agruma L, Castori M. Mutational
spectrum and clinical signatures in 114 families with hereditary multiple osteochondromas: insights into molecular properties of selected
exostosin variants. Hum Mol Genet 2019;28:2133-2142.

123. van Schooneveld MJ, Delleman JW, Beemer FA, Bleeker-Wagemakers EM. Peters'-plus: a new syndrome. Ophthalmic Paediatr
Genet 1984;4:141-145.

124. Maillette de Buy Wenniger-Prick LJ, Hennekam RC. The Peters' plus syndrome: a review. Ann Genet 2002;45:97-103.

125. Slavin RE, Wen J, Kumar D, Evans EB. Familial tumoral calcinosis. A clinical, histopathologic, and ultrastructural study with an

analysis of its calcifying process and pathogenesis. Am J Surg Pathol 1993;17:788-802.

12



126. Chefetz I, Heller R, Galli-Tsinopoulou A, Richard G, Wollnik B, Indelman M, Koerber F, Topaz O, Bergman R, Sprecher E,
Schoenau E. A novel homozygous missense mutation in FGF23 causes Familial Tumoral Calcinosis associated with disseminated visceral
calcification. Hum Genet 2005;118:261-266. Epub 20051115

127. Frishberg Y, Topaz O, Bergman R, Behar D, Fisher D, Gordon D, Richard G, Sprecher E. Identification of a recurrent mutation in
GALNT3 demonstrates that hyperostosis-hyperphosphatemia syndrome and familial tumoral calcinosis are allelic disorders. ] Mol Med (Berl)
2005;83:33-38. Epub 20041215

128. Etzioni A, Frydman M, Pollack S, Avidor I, Phillips ML, Paulson JC, Gershoni-Baruch R. Brief report: recurrent severe infections
caused by a novel leukocyte adhesion deficiency. N Engl J Med 1992;327:1789-1792.

129. Meyer R, Schacht S, Buschmann L, Begemann M, Kraft F, Haag N, Kochs A, Schulze A, Kurth I, Elbracht M. Biallelic
CSGALNACT1-mutations cause a mild skeletal dysplasia. Bone 2019;127:446-451. Epub 20190717

130. Mizumoto S, Janecke AR, Sadeghpour A, Povysil G, McDonald MT, Unger S, Greber-Platzer S, Deak KL, Katsanis N, Superti-
Furga A, Sugahara K, Davis EE, Yamada S, Vodopiutz J. CSGALNACT-congenital disorder of glycosylation: A mild skeletal dysplasia with
advanced bone age. Hum Mutat 2020;41:655-667. Epub 20191203

131. Bouazzi H, Lesca G, Trujillo C, Alwasiyah MK, Munnich A. Nonsyndromic X-linked intellectual deficiency in three brothers with
a novel MED12 missense mutation [¢.5922G>T (p.Glu1974His)]. Clin Case Rep 2015;3:604-609. Epub 20150526
132. Belet S, Fieremans N, Yuan X, Van Esch H, Verbeeck J, Ye Z, Cheng L, Brodsky BR, Hu H, Kalscheuer VM, Brodsky RA; Froyen

G. Early frameshift mutation in PIGA identified in a large XLID family without neonatal lethality. Hum Mutat 2014:55:350-355. Epub
20140113

133. Ashikov A, Abu Bakar N, Wen XY, Niemeijer M, Rodrigues Pinto Osorio G, Brand-Arzamendi K, Hasadsri L, Hansikova H,
Raymond K, Vicogne D, Ondruskova N, Simon MEH, Pfundt R, Timal S, Beumers R, Biot C, Smeets R, Kersten M, Huijben i, Lindcrs PTA,
van den Bogaart G, van Hijum S, Rodenburg R, van den Heuvel LP, van Spronsen F, Honzik T, Foulquier F, vaii Scherpenzeel M, Lefeber DJ,
Mirjam W, Han B, Helen M, Helen M, Peter VH, Jiddeke VK, Diego M, Lars M, Katja BH, Jozef H, Majid A, Kevin C, Johann TWN.
Integrating glycomics and genomics uncovers SLC10A7 as essential factor for bone mineralization by regulating post-Golgi protein transport
and glycosylation. Hum Mol Genet 2018;27:3029-3045.

134. Dubail J, Huber C, Chantepie S, Sonntag S, Tiiysiiz B, Mihci E, Gordon CT, Steichen-Gersdorf E. Amiel J, Nur B, Stolte-Dijkstra
I, van Eerde AM, van Gassen KL, Breugem CC, Stegmann A, Lekszas C, Maroofian R, Karimiani EG, Brineel A, Seta N, Munnich A, Papy-
Garcia D, De La Dure-Molla M, Cormier-Daire V. SLC10A7 mutations cause a skeletal dysplasia with amelogenesis imperfecta mediated by
GAG biosynthesis defects. Nat Commun 2018;9:3087. Epub 20180806

135. Zeevaert R, Foulquier F, Cheillan D, Cloix I, Guffon N, Sturiale L, Garozzo D, Maithijs G, Jacken J. A new mutation in COG7
extends the spectrum of COG subunit deficiencies. Eur J Med Genet 2009;52:303-305. Epub 20090703
136. Zeevaert R, Foulquier F, Dimitrov B, Reynders E, Van Damme-Lonibaerts R, Simeonov E, Annaert W, Matthijs G, Jaeken J.

Cerebrocostomandibular-like syndrome and a mutation in the conserved oligomicric Golgi compléx, subunit 1. Hum Mol Genet 2009;18:517-
524. Epub 20081113

137. Arora V, Puri RD, Bhai P, Sharma N, Bijarnia-Mahay S, Dimri N, Baijal A Saxena R, Verma L. The first case of antenatal
presentation in COGS8-congenital disorder of glycosylation with a novél splice site mutation and an extended phenotype. Am J Med Genet A
2019;179:480-485. Epub 20190128

138. Kranz C, Ng BG, Sun L, Sharma V, Eklund EA, Miura Y, Ungar D, Lupashin V, Winkel RD, Cipollo JF, Costello CE, Loh E, Hong
W, Freeze HH. COG8 deficiency causes new congenital disordér of glycosylation type ITh. Hum Mol Genet 2007;16:731-741. Epub 20070301

Table 1: Summary of CDG with reported endo¢rine manifestations

CDG Locali | Affected Inhe Referenc
(OMIM) | zation protein ritan e
ce Clinical fanifestations Endocrine manifestations and skeletal
features

Disorders of N-linked glycosylation
PMM2- Phosphomanno [~ AR -Failure to thrive, feeding difficulties -Panhypopituitarism 9) (84)
CDG mutase 2 -DD (normal in 10%, borderline in 2%; mild in 27%, moderate -Hypothyroidism, decreased TBG, 4)
(212065) in 28%, severe in 30% and profound in 3%), microcephaly, -Growth hormone resistance (110)

seizures, hypotonia, ataxia, hyporeflexia, stroke like episodes -Female: Delayed puberty, pubertal (71,92)

-Strabismus, nystagmus, retinitis pigmentosa, optic hypoplasia, arrest, amenorrhea, hypergonadotropic (30)

peripheral neuropathy, cerebellar atrophy/hypoplasia, and hypogonadotropic hypogonadism

olivopontocerebellar atrophy (normal puberty and menstruation have

-Flat nasal bridge, large ears, thin upper lip, long philtrum, high been described)

arched palate, prominent jaw, retrognathia (in infancy), almond -Male: normal puberty and virilization

shaped eyes but small testes, and low-normal

-Pericardial effusion, hypertrophic cardiomyopathy, cardiac testosterone, hypogonadism

failure, tamponade, conotruncal malformations -Hyperprolactinemia

-Inverted nipple, lipodystrophy, fat pads, p’eud orange, -Hyperinsulinemic hypoglycemia

-Hepatomegaly, cirrhosis, liver steatosis, vomiting, protein -

losing enteropathy, diarrhea, GERD Adrenal insufficiency (in some patients)

-Hydrops fetalis, nonimmune, hydropic placenta, mirror -Osteopenia, osteoporosis

syndrome

-Edema and hypoalbuminemia, low cholesterol

-Coagulopathy and thrombosis (factor 11, V, VII, VIII, IX, X, XI,

antithrombin III, protein C, protein S deficiency)

-Recurrent infections, hypogammaglobulinemia, lack of

response to vaccination

-Hyperechoic kidneys, hydronephrosis, cysts, proteinuria,

proximal tubulopathy
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-Disproportionate short stature, kyphoscoliosis, skeletal
dysplasia (skeletal appearance were consistent with
spondyloepiphyseal dysplasia congenita or Kniest dysplasia

MPI- 15q24. | Mannosephosph | AR - Failure to thrive -Hyperinsulinemic hypoglycemia (9,27,111
CDG 1-q24.2 | ate Isomerase - Vomiting, diarrhea, villous atrophy, lymphangiectasia, protein- ,112)
(602579) losing enteropathy
- Hepatomegaly, hepatic fibrosis, cirrhosis, hepatic failure
- Hypotonia Treatment beyond symptomatic:
- Anti-thrombin III, Protein C, Protein S deficiency, thrombosis, Mannose 150 to 170 mg/kg/dose four to
factor XI deficiency five times a day, po
- Short stature
ALG6- 1p31.3 | Alpha-1,3- AR -Failure to thrive - Hypoglycemia (9,113,11
CDG glucosyltransfer -Large open fontanel, low-set ears, hypertelorism, macroglossia, | - Hypothyroidism 4,115)
(603147) ase brachydactyly distal phalangeal hypoplasia, scoliosis - Low corticosteroid binding globulin, (15)
-Axial hypotonia, psychomotor retardation, areflexia, seizures, normal cortisol
ataxia, strabismus
-Decreased serum cholesterol, factor XI, antithrombin IIT
and protein C
ALG3- 3q27.1 alpha-1,3- 7? -DD (mostly severe hence variable) -Panhypopituitarism (cenfral (115)
CDG mannosyltransfe -Failure to thrive hypothiyroidism. central adrenal (5,15)
(608750) rase -Strabismus and optic atrophy insufficiency, growth hormone
-Dilated aortic root deficiency)
-Craniofacial abnormalities (epicanthal folds, down slanting -Hypoglycemia
palpebral fissures, broad/flat nasal bridge, high palate, -Osteopenia and recurrent fractures
micrognathia, and dysplastic ears)
-Skeletal dysplasia (arthrogryposis, scoliosis, club feet, hip
dysplasia, camptodactyly, contractures, overlapping digits, and
talipes, rhizomelic short stature, wide metaphysis, hypoplastic
cervical vertebrae, narrow thorax, rounded iliac wings.
chondrodysplasia punctata)
-Feeding problems
-Hypoalbuminemia, elevated transaminases, decréased factor X1,
antithrombin 111
-Hypolipidemia
ALGY- 11q23. | Alpha-1,2- AR -Failure to thrive Short stature (15,116)
CDG 1 Mannosyltransf -Microcephaly, frontal bossing, long philtrum, low-set ears, - Severe skeletal dysplasia (decreased (98)
(608776) erase hypertelorism, esotropia ossification of the frontoparietal bones, (116)
- Inverted nipples- DD, ¢pileptic encephalopathy, thickening of the occipital bones,
seizures, intractable, hyperreflexia deficient ossification of cervical
- Cortical and certbellar atrophy, delayed myelination vertebral bodies and pubic bones, round
- Congenital héart defects, pericardial effusion pelvis, and short tubular bones with
metaphyseal flaring).
-Mild skeletal dysplasia have been
reported (delayed bone age, mesomelic
brachymelia with thickening of frontal
and occipital bone, mild kyphosis of
thoracolumbar spine, bilateral hip
dislocation, round pelvis,
brachycephaly, and shortening of greater
sciatic notch.)
ALGI12- 22ql13. | Alpha-1,6- 7? -Microcephaly, hypotonia, psychomotor retardation -Hypoglycemia (117)
CDG 33 Mannosyltranst - Midface hypoplasia, broad nose, thin upper lip thick ears,
(607143) erase sensorineural deafness
- Retinal decollement
- Patent foramen ovale, patent ductus arteriosus
-Hypogammaglobulinemia
-Severe skeletal dysplasia (interphalangeal dislocations,
scoliosis, talipes equinovarus, rhizomelic limb shortening, short
metacarpals, horizontal acetabular roof)
-Short ribs with flared metaphysis, scoliosis
-Short stature
PGM1+< Ip31.3 | Phosphoglucom | AR -Facial dysmorphism (hypertelorism, short neck, retrognathia, -Hypoglycemia (ketotic or (118,119,
CDG utase 1 smooth philtrum and low set ears) bifid uvula/palate, hyperinsulinemic) 120)
(614921) -Hepatopathy, malignant hyperthermia -GH deficiency, decreased IGF-1 and
-Imperforate anus IGFBP-3 levels
-Rhabdomyolysis, exercise intolerance, axial hypotonia, dilated -High TSH, decreased TBG
cardiomyopathy - Adrenal insufficiency
-Anti-thrombin 11, Protein C, Protein S deficiency - Hypogonadotropic hypogonadism
Treatment beyond symptomatic: D-
galactose 0.5 to 2.5 g/kg/day, five to six
times a day, po (max:50 g)
TMEM1 | 4ql2 Transmembrane | AR -DD, seizures, hypotonia Generalized osteoporosis (15,99)
65 Protein 165 -Microcephaly
(614727) -Short stature
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-Skeletal dysplasia

- Epi-metaphyseal dysplasia and joint destruction diagnosed as
Desbuquois syndrome; pectus carinatum, kyphosis and scoliosis,
short distal phalanges, genu varus, joint hyperlaxity, epi- and
metaphyseal dysplasia with broad metaphysis

Treatment beyond symptomatic:
Galactose 1g/kg/day po

MAN2B | 4pl6.1 Mannosidase AR -DD Short stature (121)
2-CDG alpha class 2B -Chronic diarrhea
(NA) member 2 -Coagulopathy and multiple thrombotic strokes, pancytopenia
-Immunodeficiency, small-vessel vasculitis Treatment beyond symptomatic:
HSCT
O-linked glycosylation
EXT1(13 | 8q24.1 | Exostosin AD -DD, muscular dystrophy, hypotonia, polymicrogyria, Skeletal dysplasia, multiple exostoses (122)
3700) 1/ Glycosyltransfe lissencephaly
/EXT2- 11pll. | rasel/ -Loose skin, reticulate pattern of hyperpigmentation,
CDG 2 Exostosin hypermobility
(133701) Glycosyltransfe -Elevated CK, dysmorphic features
rase 2
B3GLC 13q12. | Beta 3- AR Embryonic development of the eye is defective (corneal -Prenatal growth retardation, postnatal (15,123,1
T-CDG ) glucosyltransfe clouding and variable iridolenticulocorneal adhesions) disproporfionate short statiire 24)
(261540/ rase -Cupid bow shape of the upper lip, cleft lip, cleft palate -Osteopenia
610308) -Kyphoscoliosis, foot deformity, radioulnar synostosis
GALNT | 2q24.3 | Polypeptide N- AR - Retinal angioid streaks, conjunctival irritation, eyelid <Hyperphosphatemia associated with (125,126,
3-CDG acetyl calcifications periosical reaction and cortical 127),
(211900) galactosaminyl hypetostosis (recurrent episodes of
transferase 3 swelling, pain, and tenderness)
-Elevated renotubular phosphate
reabsorption
- Increased serum FGF23
- Normal serum calcium
- Normal serum parathyroid hormone
SLC35C | 1lpll. | Solute carrier - Severe mental retardation, cortical atrophy, seizures, - Short stature (128)
1-CDG 2 family 35 hypotonia, microcephaly
(605881) member C1 - Markedly reduced neutrophil motility, redueéd neutrophil Treatment beyond symptomatic:
adherence Fucose, po
CSGAL 8p21.3 | Chondroitin AR -Skeletal dysplasia (129),(13
NACT1- sulfate N- -Micromelia, disproportionate short 0)
CDG acetylgalactosa stature
(618870) minyl
transferase 1
EXT3- 8p21.1 Exostosin like- AR -Neuro/immuno/skeletal Various skeletal dysplasia (17)
CDG glycosyltransfer (DD, seizures; SCID) (platyspondyly, severe, cervical spine
(617425) ase 3 malformation, cervical instability,
progressive kyphoscoliosis,
brachydactyly, delayed carpal
ossification, epi-, metaphyseal
dysplasia
Disorders of mixed glycosylation
OGT- Xql3.1 | O-GleNAc XLR | ~Neuro/growth/ophthalmo (intellectual delay, hypotonia, eye Short stature (131)
CDG transferase abnormalities, hearing impairment, behavioural problems,
(300997) subunit p110 dysmorphism)
GPI anchor disorder
PIGA- Xp22.2 | Phosphatidylino | XLR | -Micrognathia, malar flattening, coarse facies, polyhydramnios - Increased birth length (in some (132)
CDG sitol Glycan and hydrops fetalis patients) and birth weight (in some
(311770) Anchor -Microcephaly, epileptic encephalopathy (hypsarrhythmia, burst- | patients)
Biosynthesis suppression pattern seen on EEG, irregular spike and slow - Overgrowth
Class A waves, myoclonic seizures,), severe DD, axial hypotonia,
hyperreflexia, cerebellar hypoplasia, corpus callosum
hypoplasia, cortical atrophy, spongy gliosis, delayed myelination
Disorders of multiple glycosylation pathways: disorders of Golgi pH and ion homeostasis
SLE10A | 4g31.2 | Solute carrier AR - Round face, micrognathia, micro retrognathia, mandibular - Disproportionate short stature, prenatal | (133,134)
7-ChG 2 family 10 hypoplasia, cleft palate and postnatal (< -3 SD)
(618363) member 7 - Mild DD - Obesity (in some patients)

- Hearing and visual impairment
- Amelogenesis imperfecta

- Skeletal dysplasia (Advanced bone
age, proximal femur “Swedish key”,
short metacarpals and phalanges,
irregular vertebra corpus, wide
metaphysis, coxa valga

- Osteoporosis

15




PGM3- 6ql4.1 | Phosphoglucom | AR Hyper IgE syndrome (elevated serum IgE, recurrent skin and - Severe skeletal dysplasia (radiographic | (97)
CDG utase 3 pulmonary infections, abscesses, eczema, and bronchiectasis) pattern of Desbuquois dysplasia)
(615816)
COG7- 16p12. | Component of AR - Progressive microcephaly - Intrauterine growth retardation, failure | (15,135)
CDG 2 oligomeric - Dysmorphic facial features (narrow, flat forehead, to thrive, short stature
(608779) Golgi complex micrognathia, retrognathia, low-set ears, dysplastic ears) -Variable skeletal anomalies (Adducted
7 - Global DD, cerebral and cerebellar atrophy, hypoplasia of thumbs, overlapping, long fingers,
corpus callosum, delayed myelination Simian crease, contractures of the PIP
and DIP joints with ulnar deviation of
the hands)
COGl1- 17q25. | Component of AR - Progressive microcephaly - Rhizomelic short stature (15,136)
CDG 1 oligomeric - Dysmorphic facial features (midface hypoplasia, micrognathia, | - Rib fusions, rib abnormalities,
(611209) Golgi complex low-set ears, microtia, hypertelorism, thin upper lip, high arched | vertebral abnormalities
1 palate, hearing loss)

- Global DD

- Cerebral and cerebellar atrophy

- Anemia, thrombocytopenia

- Recurrent infections
COGS8- 16q22. | Component of NA - Microcephaly - Small hands and feet, hypoplasia of the | (137,138)
CDG 1 oligomeric - Hypotonia, seizures, first phalanxof some fingers and toes,
(611182) Golgi complex - Cortical atrophy sandal gap, clinodactyly

8

AR, autosomal recessive; AD, autosomal dominant; CDG, congenital disorders of glycosylation; CK, creatine kinase; DD, developmental
delay; DIP, distal interphalangeal; GERD, gastro-esophageal reflux; HH, hyperinsulinemi¢ hypoglycemia; HScT, hematopoietic stem cell
transplantation; NA, not available; OMIM, Online Mendelian Inheritance in Man; PIP; proximal interphalangeal; TBG, thyroxine binding
globulin; XLR, X-linked recessive, g: gram, po: per oral, .
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