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A B S T R A C T

The Conserved Oligomeric Golgi (COG) complex, a multi-subunit vesicle tethering complex of the CATCHR
(Complexes Associated with Tethering Containing Helical Rods) family, controls several aspects of cellular
homeostasis by orchestrating retrograde vesicle traffic within the Golgi. The COG complex interacts with all key
players regulating intra-Golgi trafficking, namely SNAREs, SNARE-interacting proteins, Rabs, coiled-coil tethers,
and vesicular coats. In cells, COG deficiencies result in the accumulation of non-tethered COG-complex de-
pendent (CCD) vesicles, dramatic morphological and functional abnormalities of the Golgi and endosomes, se-
vere defects in N- and O- glycosylation, Golgi retrograde trafficking, sorting and protein secretion. In humans,
COG mutations lead to severe multi-systemic diseases known as COG-Congenital Disorders of Glycosylation
(COG-CDG). In this report, we review the current knowledge of the COG complex and analyze COG-related
trafficking and glycosylation defects in COG-CDG patients.

1. Membrane trafficking at the Golgi

The Golgi apparatus is the central hub of the secretory and en-
docytic pathways. More than one-third of cell proteins are transported
via these pathways [1,2]. In anterograde trafficking, newly synthesized
secretory cargo translocates to the endoplasmic reticulum (ER) and is
then transported to the Golgi apparatus for further processing, mod-
ification, and sorting to the final cellular and extracellular destinations.
Retrograde trafficking transports cargo in a reverse fashion from the
plasma membrane (PM) down to the endosomes, Golgi and even to ER
(Fig. 1). A balance between anterograde and retrograde transport is
vital for cell physiology and cell survival. Each step of intra-organellar
membrane trafficking is facilitated and controlled by specialized pro-
tein trafficking machinery, which is modular and is conserved from
yeast to mammals. The major players of the trafficking machinery can
broadly be categorized as cargo adaptors, vesicular coat proteins, small
GTPases of Arf and Rab families, vesicular tethers, SNAREs, and

SNARE-associated proteins [3]. Each compartment of the cell's secre-
tory/endocytic system has its own set of these trafficking components,
which contributes to compartment identity.

The initial step of intracellular membrane trafficking begins with
cargo concentration into emerging membrane carriers (vesicles, tu-
bules, or megavesicles). This is achieved by the coordinated action of
small GTPases, vesicular coat proteins, and cargo adaptors [4,5]. Newly
formed trafficking carriers then travel to the acceptor organelle/com-
partment by diffusion or using the cytoskeletal “rail system” which
comprises of microtubules, actin filaments and motor proteins of the
dynein, kinesin and myosin families [6]. The vesicle-associated Rab
GTPases cycle between an “on-and-off” state [7]. In the “on” GTP-
bound state Rabs interact with molecular motors and vesicular tethers
to facilitate tethering and fusion. Coiled-coil tethers (CCTs) capture
vesicles to initiate tethering. Their length and flexibility facilitate long-
range capture, which brings the membrane carriers close to the ac-
ceptor organelle [8,9]. Multi-subunit tethering complexes (MTCs) have
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multiple binding sites on their subunits. Key members of the fusion
machinery interact with MTCs to finalize the tethering step and set the
stage for the membrane fusion, which is brought about by the inter-
action of SNAREs on the donor and acceptor membranes [3,10,11].

1.1. Glycosylation and Golgi glycosylation machinery

Proteins transported by the secretory pathway play both structural
(e.g. matrix proteins like collagen, elastin, α-dystroglycan) and func-
tional roles (e.g. ligands and receptors in cell-cell signaling, im-
munoglobulins, neurotransmitters, enzymes, hormones). Most of these
proteins undergo modifications in the ER and Golgi. One major mod-
ification, glycosylation, is the covalent linkage of proteins/lipids with
oligosaccharide moieties. The process of N-linked glycosylation,
wherein attachment of sugars to the amide nitrogen of asparagine re-
sidues occurs, begins in the ER, and continues in the Golgi. On the other
hand, O-linked glycosylation begins in the Golgi and sugar attachment
occurs at serine or threonine's hydroxyl group. O-glycans are more di-
verse in comparison to N-glycans and include shorter mucin-type gly-
cans and longer glycosaminoglycan (GAG) chains on proteoglycans (for
review see [137]

Glycosyltransferases and glycosidases are enzymes that transfer
sugar donors onto acceptor substrates (proteins and lipids) and modify
glycans, respectively. Sugar-nucleotide precursors of glycans are syn-
thesized in the cytosol and are brought into the ER/Golgi lumen by
sugar transporters. In a steady-state, each Golgi cisternae is enriched
with specific sets of glycosylation enzymes, sugar transporters and
other proteins, which collectively confer cisternal identity. Golgi com-
partmentalization and glycosylation go hand-in-hand with membrane

trafficking. The proper localization of Golgi resident proteins is main-
tained, at least in part, by retrograde vesicular trafficking. Segregation
of early acting glycosylation enzymes into cis and medial Golgi com-
partments and later acting enzymes into the trans-Golgi is achieved
within the framework of the cisternal maturation model wherein, the
enzymes and sugar transporters are actively cycled back to newly
formed cisterna as cis to trans maturation continues, carrying forward
biosynthetic cargo. Recycling of Golgi resident proteins within the
Golgi mostly occurs in COPI coated vesicles, although COPI-in-
dependent recycling via the ER has been proposed [12]. Also, in yeast
cells, some of trans-Golgi retrograde trafficking is facilitated by AP1/
clathrin coated vesicles [13]. COPI coat interacts with its cargo either
directly or via adapter proteins. Many Golgi enzymes have N-terminal
cytoplasmic tails. A small subset of enzymes contains the ϕ-(K/R)-X-L-
X-(K/R) consensus motif on their cytoplasmic tails and bind directly to
COPI components [14]. A few other enzymes interact with COPI sub-
units through GOLPH3, an abundant peripheral membrane protein
[15]. The exact recycling mechanism for the majority of the Golgi's
glycosylation machinery is currently unknown and likely requires sev-
eral novel adaptor proteins. Apart from cytoplasmic sorting signals,
length of the transmembrane domains (TMDs) of glycosylation enzymes
might contribute to their retention and sorting within the Golgi. cis-
Golgi resident proteins have shorter TMDs compared to late Golgi re-
sidents. Membrane thickness increases from ER to the PM due to the
increasing concentration of sphingolipids and sterols. It is energetically
favorable for shorter TMDs to be retained in thinner membranes and
sorted into phospholipid-rich COPI vesicles rather than cholesterol-rich
clathrin-coated vesicles targeted to the PM [16,17]. Another proposed
mechanism of Golgi enzyme retention is the formation of multimeric

Fig. 1. The COG complex orchestrates retrograde membrane trafficking at the Golgi. In the anterograde secretory pathway (blue arrows), biosynthetic cargo is
transported from the ER to PM through the Golgi by cisternal maturation. In the retrograde endocytic pathway (purple arrows), endocytic cargo is transported from
PM via the endocytic system and Golgi back to the ER. The octameric COG complex (lobe A, red and lobe B, green) mostly tethers intra-Golgi recycling vesicles at
Golgi rims. Transparent COG represents possible involvement in LE-TGN, ERGIC-ER and Golgi-autophagosome pathways. EE- Early endosome, LE- Late endosome,
Lys- Lysosome, MVB- Multivesicular bodies, Auto- Autophagosome, ER- Endoplasmic Reticulum, ERGIC- ER Golgi intermediate compartment.
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complexes. Sequentially acting glycosylation enzymes in the same cis-
ternae can form dimers and higher-order oligomers. This increases the
size of the protein preventing it from entering vesicles, leaving the
Golgi. Oligomerization of sequentially acting enzymes also enhances
the efficiency of glycosylation [18,19].

Also, the luminal environment within the Golgi governs glycosyla-
tion and Golgi homeostasis. Each Golgi cisternae has a unique pH and
ionic environment, which contributes to correct enzyme localization
[20] and also regulates enzyme activity [21,22]. The contribution of
these factors to Golgi homeostasis has been reviewed by Kellokumpu
[136] ]. Furthermore, reduced luminal volume in flattened Golgi stacks
facilitates enzymes-substrate encounters [23].

2. Conserved oligomeric Golgi complex – The major Golgi MTC

Multi-subunit tethering complexes (MTCs) are a group of evolutio-
narily conserved vesicular tethers consisting of three to ten subunits.
They are loosely sub-grouped into CATCHRs and non-CATCHRs [24].
CATCHR family includes MTCs functioning along the secretory
pathway, namely, Dsl1/ZW10 complex, COG, GARP, EARP and the
exocyst; non-CATCHR group includes CORVET and HOPS complexes
which are involved in the endosomal trafficking. TRAPP, a unique MTC
in structure and function is involved in ER to Golgi trafficking and
autophagy [25]. The subunits of Dsl1/ZW10, COG, GARP, and the
exocyst complexes share similarities in their α-helical structures [26].
COG's closest relative is the exocyst, which is also octameric and the
structure of its subunits SEC3/EXOC1, SEC5/EXOC2, SEC10/EXOC5,
SEC15/EXOC6 and EXO70/EXOC7 are similar to COG subunits
[27–29]. MTCs are peripheral membrane proteins that lack membrane
anchoring domains and they can only associate with membranes in-
directly. So far, the GARP complex, Dsl1/ZW10 and the exocyst have
been shown to be membrane associated via their interactions with Rab
GTPases, SNAREs, and/or membrane lipids respectively [30–32].

2.1. Structure and interactions of the COG complex

The COG complex has eight subunits (Fig. 2), encoded by eight
different genes, and exists as a hetero-octameric complex or as lobe A
(COG1, COG2, COG3, COG4) and lobe B subcomplexes (COG5, COG6,
COG7, COG8) [33]. Interestingly, four subunits, COG3, COG4, COG6,
and COG8, are more evolutionarily conserved, as are the other four
subunits. COG1-COG8 interaction bridges the two subcomplexes to-
gether [34–36]. Mutations that disrupt COG1/8 interactions are detri-
mental for COG complex functions [37,38]. The two subcomplexes are
observed as lobes in deep-etch electron microscopy (EM) images of the
purified COG complex from bovine brain [39]. Lobe A predominantly
associates with the Golgi membrane and can be found on every cis-
ternae [40], while lobe B preferentially interacts with vesicular mem-
branes [38]. The observed cytoplasmic pool of COG is mainly octameric
[29,36,38,39], while membrane-bound COG can be an octamer or a
subcomplex [38]. COG subunits are possibly always bound to the
membranes via weak protein-protein interactions with different per-
ipheral or integral membrane proteins. Disruption of these interactions
during cell lysis releases COG from the membranes and the soluble pool
is likely to be an experimental artifact resulting from the cell lysis
procedure. The different arrangements of the COG complex are tied to
its functional state, which is described in the ‘Current models for COG
tethering’ section. A slow recovery after photobleaching in Fluores-
cence Recovery After Photobleaching (FRAP) experiments show that
the on/off cycling of COG subunits from the Golgi membrane is very
slow [41], and artificially membrane-glued COG is fully functional
[42].

Structural information is limited and only available for yeast COG2
[43], N-terminal domains of yeast COG5, COG7 [44] and the C-terminal
domain of human COG4 [45]. Yeast COG complex has been recon-
stituted in vitro and investigated by single-particle EM microscopy.

Investigation of lobe A revealed Y-shaped objects with three long,
spindly “legs” [46]. Fluorescent microscopy-based studies on the 3D
structure of the octameric COG complex predicted that COG exists as
~25 nm particles with a central “core” and multiple (4 to 8) peripheral
extensions (“arms” or “legs”) [47].

COG protein-protein interactions within subcomplexes are mainly
achieved via N-terminal alpha-helical domains that are present in all
COG subunits [34]. Stability of COG subunits have varying degrees of
dependency on partner subunits in the complex, but, in general, the
stability of lobe A and lobe B subunits are affected by manipulations
with other subunits in that lobe [48]. However, COG8 (lobe B subunit)
is the exception - its stability is influenced by COG1 [37]. Through
specific interaction sites on its subunits, the COG complex interacts
with major players of the vesicle docking/fusion machinery (coats,
Rabs, CCTs, and SNAREs as depicted in Fig. 2) on both the donor and
acceptor membrane [49]. Still, the majority of these predicted inter-
actions are not mapped or characterized in detail, yet. The best-char-
acterized protein-protein interactions include COG4-STX5 [50], COG4-
SCFD1/Sly1 [51], COG2-USO1/p115 [52] and COG7-GOLGA5/Golgin-
84 [53].

2.2. COG function

The COG complex facilitates the tethering and fusion of intra-Golgi
recycling vesicles at the Golgi cisternae (Fig. 1) [33]. The initial data on
COG's function came from both genetic and EM studies of yeast COG
mutants [29,54,55] and from biochemical and in vitro studies in
mammalian cells [39,56,57]. Further studies using knock-down (KD) or
knock-sideways approaches unraveled details of the COG's function and
interactions. Massive accumulation of ~60 nm vesicles is a major
morphological phenotype in cells acutely depleted of COG complex
subunits [54,58]. These freely-diffusible CCD vesicles are enriched with
medial/trans-Golgi enzymes and intra-Golgi v-SNAREs [59] and most
likely represent non-tethered intra-Golgi recycling vesicles. Im-
portantly, purified COG can bind and capture isolated CCD vesicles
[58]. These studies provided evidence for COG's function as a vesicle
tethering complex [38]. Another major phenotype of COG malfunction
is the onset of glycosylation defects [56]. All individual COG subunit
KDs display altered glycosylation of both N- and O-linked glycans. A
closer investigation into glycosylation defects revealed the destabili-
zation and mislocalization of multiple components of the Golgi glyco-
sylation machinery [35,59–62].

Prolonged depletion or complete knockout of individual COG sub-
units causes morphological changes in the Golgi (severe fragmentation
and dilation of all Golgi cisternae) (Fig. 3a) that further alters glyco-
sylation [48,59], and also affects the endolysosomal system (accumu-
lation of Enlarged Endo-Lysosomal Structures, EELSs) [63] (Fig. 3b),
delays retrograde protein trafficking [64], causes protein missorting
and changes the secretion profile [65]. Formation of intra-Golgi
SNAREs complex STX5/GOSR1/BET1L/YKT6 [50] and trans-Golgi
SNARE complex STX16/STX6/VTI1A/VAMP4 [66] is reduced in COG
deficient cells. Another COG-related trafficking abnormality is the de-
layed reaction to the fungal metabolite Brefeldin A (BFA) [60,67]. BFA
inhibits the exchange factor GBF1 for small GTPase Arf1, causing COPI
coat dysfunction and an artificial fusion of Golgi and ER membranes
[68]. The kinetics of both, BFA-induced Golgi “collapse” and sub-
sequent Golgi restoration after BFA wash-out are severely delayed in
COG deficient cells. This alteration is often interpreted as COG's re-
quirement for Golgi-ER anterograde and retrograde trafficking [69,70].
We believe that this interpretation is erroneous and that the altered
response to BFA treatment is a secondary manifestation of GBF1, COPI,
and/or SNARE malfunction in COG deficient cells [67]. Importantly,
many types of COG depleted mammalian cells have wild-type growth
and division [48], emphasizing that the COG complex is generally
dispensable for intracellular anterograde trafficking.

The deletion of any of the COG subunits in human cells renders the
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entire complex non-functional and results in the degradation of several
Golgi resident proteins. Proteins whose stability and function depend
on the COG complex are termed COG sensitive proteins, or GEARS [71].
These include many Golgi glycosylation enzymes (MGAT1, MAN2A,
B4GALT1, ST6GAL1) [60,61] and certain members of the trafficking
machinery (GS15/BET1L, GS28/GOSR1, giantin/GOLGB1, golgin-84/
GOLGA5) [71]. Importantly, not every Golgi protein is COG-sensitive;
for instance, both the amount and localization of the SNARE STX5, CCT
GM130/GOLGA2 and many of the Golgi Rabs are normal in COG-de-
pleted cells [48,71] (and our unpublished observations). This indicates
the existence of COG-independent Golgi recycling/retention me-
chanism. Analysis of cell lines partially (siRNA) or completely (COG
KOs) depleted for COG subunits laid a foundation for the analysis of
COG complex deficiencies in humans, described in section 3.

Another important evidence supporting the central role of the COG
complex in cellular physiology comes from pathogen-host interaction
research. Many intracellular pathogens hijack the host's membrane
trafficking machinery to survive within them. Importantly, the COG
complex is manipulated by viruses (SARS-Cov-2 [72], Rift Valley fever
[73], HIV [74], and Orthopoxvirus [75]), pathogenic bacteria (Chla-
mydia [76] and Brucella [77]), and toxins (SubAB [48,64], Shiga [58],
and Cholera [48]). It is not clear how these diverse groups of pathogens
have evolved to rely on COG function.

2.3. The current model for COG tethering

The exact mechanism of COG complex function is still a mystery.
Over the years, several models were put forward to explain various
mutant phenotypes observed in COG-depleted cells (for review see
[33]). According to the most recent “assembly/disassembly” model

[38], lobe A and lobe B of the COG complex are always engaged in a
dynamically regulated interaction. In this model, lobe A preferentially
associates with the Golgi cisternae, while lobe B preferentially associ-
ates with recycling intra-Golgi CCD vesicles. Lobe A and lobe B are
bridged via COG1-COG8 interactions when the vesicle is tethered to the
Golgi membrane by CCTs. This COG1-COG8 interaction forms the oc-
tameric COG complex, which, in turn, aligns and possibly proofreads
the fusion machinery on both membranes. After the formation of the
trans-SNARE complex, COG is displaced from the vesicle-cisternae in-
terspace, allowing vesicle fusion to occur.

The assembly/disassembly model would predict that the majority of
Golgi associated octameric COG is inert. This then poses the question of
what dissociates the two lobes to make them available for another
round of vesicle tethering and fusion. While the exact mechanism of
COG “recycling” is not understood, one possibility is that the specific
binding to vesicular factors (coat, Rabs, SNAREs, CCTs) causes COG
disassembly and association of lobe B with the vesicle membrane.

The COG complex assembly/disassembly model is in good agree-
ment with the models proposed for the mammalian exocyst complex
[78,79]. However, another recent model for the yeast exocyst function
[80] suggests that exocyst subcomplexes are always physically inter-
acting with each other and that vesicle tethering is achieved by intra-
molecular changes in the complex.

3. COG-CDGs

Since the past two decades, over a hundred individuals with COG
mutations have been identified (see Fig. 2 for the location of known
mutations in COG subunits). As mentioned in the earlier section, the
fidelity of glycosylation is largely dependent on the proper localization

Fig. 2. COG complex compositions and human mutations. The left-hand side depicts vesicle tethering by the COG complex and its interactions with the Golgi
trafficking machinery. This model is based on the assembly-disassembly model for the COG complex. Lobe A (red) is associated with the Golgi and lobe B (green) is
associated with vesicles. Interaction between lobe A and B brings the vesicle close to the Golgi membrane and facilitates SNARE-mediated fusion. CCT: Coli-coiled
tethers, SM: Sec1/Munc18-like, SNARE: soluble NSF (N-ethylmaleimide sensitive factor) attachment proteins (SNAP) receptor. The known human COG mutations in each
subunit are depicted on the right Lobe A subunits COG1, COG2, COG3 and COG4 are in red and lobe B subunits COG5, COG6, COG7 and COG8 are in green.
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of the glycosylation machinery. So, it is not surprising that altered intra-
Golgi trafficking due to COG malfunction leads to glycosylation defects
[81]. Glycosylation disorders belong to a group of autosomal recessive
disorders termed as Congenital Disorders of Glycosylation (CDGs), with
largely no known cure and are categorized as type-I (CDG-I) or type-II
(CDG-II) depending on the affected protein. CDG-I involves defects in
the synthesis and/or transfer of a lipid-linked oligosaccharide while
CDG-II involves abnormalities in the glycan modification and proces-
sing machinery, including, but not limited to, faulty glycosidases and
glycosyltransferases. CDGs are multi-systemic disorders associated with
poor quality of life. A list of recognizable symptoms includes global
developmental defects, dysmorphic features, microcephaly, and failure
to thrive, accompanied by the liver and neurological involvement to
varying degrees [82,83]. A CDG diagnosis is made based on the iso-
electric focusing (IEF) pattern of N-glycosylated protein transferrin. In
CDG-I, there is an abundance of asialylated and/or disialylated trans-
ferrin due to defects in the transfer and assembly of glycans. Defective
glycan processing, as in the case of CDG-II, results in increased mono-,
di- tri- and/or asialotransferrin. But, not all CDG-II patterns can be
detected by testing transferrin's IEF. Glycan mass spectrometry and/or
ApoCIII IEF are often used to complement transferrin IEF testing
[84–86]. COG mutations cause CDG-II. In COG-CDGs, the IEF pattern of
serum transferrin indicates hyposialylated species, while IEF of apoC-III
show increased non-glycosylated apoC-III and decreased monosialo
glycoforms [81]. Galactosylation and sialylation defects are also evi-
dent by glycan mass-spectrometry in COG-CDGs. Following diagnosis,
genotyping is usually done to identify CDG-causing mutations. The next
section summarizes the clinical findings of COG-CDG patients and tries
to reconcile these findings with current knowledge on the COG com-
plex's cellular functions.

3.1. Mutations associated with individual COG subunits

3.1.1. COG1
3.1.1.1. Clinical presentation. CDG causing mutation in COG1 was first
reported in 2006. The patient was admitted to the hospital with the
feeding problem and failure to thrive. Clinical examination revealed
that the patient showed signs of hypotonia, left ventricular hypertrophy
(LVH), progressive microcephaly, mild hepatosplenomegaly and slight
cerebral and cerebellar atrophy [87]. Zeevaert et .al [88] described two
other patients with a cerebrocostomandibular-like syndrome and a
novel mutation in COG1. These patients also exhibited growth
retardation, moderate mental retardation, feeding difficulties and
cerebellar atrophy. Costovertebral dysplasia, including rib fusion, was
a clinical feature unique to these two patients. The other symptoms
were cryptorchidism, recurrent infections and hemolytic uremic
syndrome. Clinical examination mostly revealed dysmorphic features
and a more severe phenotype compared to the earlier described COG1-
CDG patient.

3.1.1.2. Molecular analysis. In the case of the first described patient, a
single nucleotide insertion (2659-2660insC) in the gene encoding the
COG1 subunit created a stop codon leading to a loss of 80C-terminus
amino acid residues. As expected, this truncation affected the stability
of COG1, all other lobe A subunits and COG8 [87]. Truncated COG1
could still localize to the Golgi but to a much lesser extent compared to
WT COG1. The association of partner subunits with the Golgi was
affected to varying degrees. The protein levels of tested glycosylation
enzymes MAN2A and B4GALT1 were diminished. The other COG1
mutation identified by Zeevaert et al. [88] was c.1070 + 5G > A, an
intronic mutation at a splice site. It resulted in the skipping of exon 6,
and a frameshift that produced a premature stop codon in exon 7,
leading to loss of 659 amino acids. The mutant protein was not

Fig. 3. Cellular phenotype of COG KO cells. Upper
panel: (A) EM of HeLa COG3 KO cells shows a frag-
mented Golgi with dilated cisternae, unlike the well-
organized stacks in the WT. (B) Superresolution mi-
croscopy of HEK293T WT and COG4 KO cells
transfected with ST6Gal1-RFP and GFP-STX5 (WT;
Golgi marker) or Lamp2-GFP (COG4 KO;
Endolysosomal marker). Golgi enzyme ST6Gal1 is
mislocalized to Lamp2 labeled endolysosomes and
EELSs. Asterisks indicate the Golgi. Arrows point to
EELSs, which are 1-10 μM in diameter and accumu-
late in COG KO cells.
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expressed but there was about 20% WT protein expressed possibly
because this mutation is leaky. The protein level of COG8 was slightly
decreased, but MAN2A was unaffected. In the case of the intronic
insertion 2659-2660insC, only the truncated protein was expressed.
However, it is quite surprising that this leaky mutation produces a more
severe clinical phenotype than the 2659-2660insC mutation [88].

3.1.2. COG2
3.1.2.1. Clinical presentation. The COG2 mutation causing CDG was
reported in 2015 [89]. The patient was a 6-year old male child of
healthy unrelated parents. He exhibited signs of growth retardation and
microcephaly, similar to COG1-CDG patients. The other features
included spastic quadriplegia, liver dysfunction without
hepatosplenomegaly, hypocupremia, hypoceruloplasminemia, cerebral
atrophy, and tonic seizures. The patient responded well to treatment for
some symptoms.

3.1.2.2. Molecular analysis. The patient had two mutations – a de novo
c.701dup (p.Y234*) change in the paternal allele and an inherited
c.1900 T > G (p.W634G) mutation in the maternal allele. c.701dup
(p.Y234*) is a null mutation and the mutant mRNA undergoes
degradation. W634 is highly conserved in all vertebrates and the
authors speculated this to be the reason COG2 was affected. COG2
was absent at the protein level. Consistent with previous findings
pertaining to the stability of the other COG subunits, both COG3 and
COG4 were affected.

3.1.3. COG3
At present, there are no known CDG causing mutations associated

with the COG3 subunit. This may be due to the central role of COG3 in
the organization of lobe A COG subcomplex.

3.1.4. COG4
3.1.4.1. Clinical presentation. So far, two patients have been described
with CDG causing mutations in COG4. Both patients were 2 (P2) and 3
(P1) year old male children [90]. P1 presented with profound
developmental delay, hypotonia, failure to thrive, seizures,
coagulopathy, liver cirrhosis and recurrent infections. He exhibited a
more severe clinical phenotype compared to P2 and died at 2 years of
life. P1 and P2 shared some common clinical features which included
dysmorphia, microcephaly, and moderate psychomotor delay.
Moreover, P2 had axial hypotonia, mild ataxia, uncoordinated
movements, bilateral cerebral atrophy of frontotemporal regions and
recurrent respiratory infections. Surprisingly, a recently discovered
COG4 mutation results in a rare skeletal dysplasia, named Saul-
Wilson syndrome (SWS) [91] and is not categorized as CDG causing
mutation per se. These patients present with speech and developmental
delay, dysmorphic features, skeletal dysplasia and hearing loss. SWS
newborns are often misdiagnosed with the microcephalic primordial
dwarfism spectrum due to extreme short stature.

3.1.4.2. Molecular analysis. P1 was heterozygous for two mutations, de
novo c.697G > T (p.E233X) and c.2318 T > G (p.L773R) in the
COG4 gene [92]. The c.697G > T transcript underwent nonsense-
mediated decay. COG4 protein was depleted by 70%, but, curiously, no
other subunits were significantly reduced. Glycan mass-spectrometry
showed protein sialylation and galactosylation defects. COG4
deficiency hampered COG's function and the Golgi failed to relocate
to the ER upon BFA treatment. P2 carried a C > T point mutation at
position 2185 in the COG4 gene resulting in R729W change. Though
the child was born to unrelated parents - a father heterozygous for the
aforementioned mutation and a normal mother, the child seemed to be
homozygous for the C > T point mutation. This led the authors to
speculate that the maternal allele, which was supposed to be normal,
underwent deletion between intron 2 and exon 5. At the molecular
level, only 20% of the COG4 protein is expressed. The deficiency of the

COG4 subunit affected the stability of all the remaining lobe A subunits
and COG5. Sequence and crystal structure analysis of COG4's C-
terminal fragment by Richrdson et al. [45] found that the mutated
arginine is highly conserved. Replacement by bulkier and rigid
tryptophan disrupts intramolecular interactions. R729 forms a salt
bridge network with E688 and E764 on the neighboring domain. This
network stabilizes the C-terminal domain of COG4 and the mutation
possibly affects the stability of the domain whose residues have
interactions with arginine. The affected domain was speculated to be
important in COG complex function. Patients with SWS [91] have a de
novo heterozygous mutation in COG4 (c.1546G > A, or
c.1546G > C) resulting in the p.G516R amino acid substitution.
Glycan analysis in the mutant fibroblasts, serum/plasma and
glycosylation status of serum transferrin was the same as controls.
But, modification of decorin, a secreted proteoglycan, was found to be
altered. Furthermore, the stability of the mutant COG4 protein was
increased. The authors implicated this change in COG4 protein turnover
to have a negative effect on COG function.

3.1.5. COG5
3.1.5.1. Clinical presentation. Twelve COG5-CDG patients have been
identified over a span of 20 years. The first COG5-CDG patient (P1) was
described in 2009 by Paesold-Burda et al. [93]. At 8 years of age, she
presented with a mild neurological phenotype including hypotonia,
psychomotor retardation, delayed speech development and truncal
ataxia. The patient did not exhibit signs of developmental delay and
dysmorphism like most of the other COG-CDG patients and at 14 years
she showed significant improvement in speech. The second COG5-CDG
patient (P2), described by Fung et al. in 2011 [94] also had a mild
neurological phenotype including mental retardation, hypotonia,
delayed speech development and microcephaly. She showed a global
developmental delay, which is common in most COG-CDG patients.
Moreover, she had liver cirrhosis with splenomegaly by the age of 1. At
8, she too made significant developmental progress in speech and had
only mild mental retardation. In 2012, Rymen et al. described 5 more
COG5-CDG patients [69]. These included three female siblings (P3.1,
P3.2 and P3.3) that presented with microcephaly, delayed speech, and
motor development, moderate to severe mental retardation, hypotonia,
mild dysmorphia, microcephaly, short stature and walking difficulty.
The two other children (P4 and P5) were unrelated and had similar
clinical presentations to the three siblings with additional blindness and
deafness.

Kim et al. [95] described a family where three siblings (P6.1, P6.2,
P6.3) presented with Friedreich's-ataxia-like phenotypes that include
cerebellar atrophy, mild to moderate intellectual disability, and sco-
liosis. Unlike the previous COG5-CDG cases, these siblings did not have
hypotonia, microcephaly and short stature. In 2019, Yin et al. [96]
described a COG5-CDG patient (P7) with smaller feet and liver in-
volvement in addition to severe neurological involvement such as
mental retardation, delayed motor and speech development, cerebral
and cerebellar atrophy, microcephaly, hypotonia and recurrent sei-
zures.

Wang et al. [97] described a patient (P8) with postural instability,
walking difficulty, psychomotor delay, hypohidrosis, hyperkeratosis of
the skin, macular hypoplasia, coagulation defects, liver lesions and
ulnar deviation of the right-hand fingers. All the clinical features were
mild but consistent with the features of other COG5-CDG patients.

3.1.5.2. Molecular analysis. P1's gDNA sequencing revealed an intronic
homozygous mutation, c.1669-15 T > C 15 bps upstream of exon 15.
Altered splicing caused skipping exons 15 and 16. Truncated COG5
mRNA was expressed but the mutant protein, which was predicted to
have lost 58 amino acids, was not expressed. Very low levels of full-
length COG5 were detected in P1's fibroblasts. Mutational analysis of P2
showed two heterozygous mutations in COG5 gene,
c.556_560delAGTAAinsCT (p.S186_K187delinsL) in the maternal

Z. D'Souza, et al. BBA - General Subjects 1864 (2020) 129694

6



allele and c.1856 T > C (p.I619T) [c.95 T > G; p.M32R] in the
paternal allele. P3.1, P3.2 and P3.3 had a homozygous nonsense
mutation c.2518G > T (p.E840X) in COG5. P4 was heterozygous for
two mutations, c.189delG (p.C64Vfs*6) and c.2338_2340dupATT;
(p.I780dup) and P5 was homozygous for a missense mutation
c.1780G > T (p.V594F). This mutation led to the skipping of exon
16. COG5 mutation resulted in about 80% depletion of COG7 protein
levels in all these patients. From the whole-exome sequencing of P6.1,
P6.2, P6.3 [95] a heterozygous mutation (c.1209delG; p.M403IfsX3) in
COG5 was found. Curiously, though this was a heterozygous mutation,
protein levels of full-length COG5 appeared to be severely depleted.
Truncated COG5 was also expressed at low levels. P8 [96] was
heterozygous for a missense mutation c.2324C > T (p.P775L) gene
and a novel frameshift mutation c.330delT (p.V111Lfs*22) in the COG5
gene, each inherited from one parent. The author believes that these
COG5 compound heterozygous mutations may cause glycosylation
defects like other COG5-CDG. The frameshift mutation created a
premature stop codon which generated a truncated 133-amino acid
protein causing a loss of function in COG5. P8 had two novel compound
heterozygous mutations. One was a nonsense mutation c.1290C > A
(p.Y430X) and the other one was a missense mutation c.2077A > C
(p.T693P). Low levels of COG5 protein were expressed and Golgi
collapse into the ER was delayed upon BFA treatment [98].

Yong Ha et al. 2015 described the crystal structure of the complex
between COG5 and COG7 subunits [44]. One of the features of the
COG5–COG7 interaction is the involvement of the COG7 α1′, α2′ and
α3′ helices to support the long COG5 helix α1. They also reported that
disruption of the interaction between COG5 and COG7 subunit by site-
directed mutations or in fibroblasts from patients with CDGs causes a
drastic loss of COG function.

3.1.6. COG6
3.1.6.1. Clinical presentation. COG6-CDG was first (P1) described by
Lübbehusen et al., in 2010 [70]. The patient suffered from a severe
neurologic disease characterized by intractable focal seizures, vomiting,
intracranial bleedings causing loss of consciousness, cholestasis, and
vitamin K deficiency. A second COG6-CDG (P2) was reported, by
Huybrechts et al. in 2012 [99]. Though both patients had the same
mutation, they presented with different clinical features. P2 suffered
from chronic inflammatory bowel disease, liver cirrhosis, mild
psychomotor retardation, and microcephaly, associated with life-
threatening and recurrent infections due to combined T and B
immunodeficiency and neutrophil dysfunction. At the age of 6 years
the patient suffered from immunodeficiency and enteropathy resulting
in persistent infections, gastrointestinal inflammation, and
malabsorption causing failure to thrive and died of brain edema. In
2013 Shaheen et al. [100] described a 12-year old male (P3) with
COG6-CDG belonging to a large consanguineous family with a history
of intellectual disability, hypohidrosis, abnormal teeth, acquired
microcephaly, palmoplantar hyperkeratosis, and hepatitis. This was
called Shaheen syndrome. Another COG6-CDG girl child (P4), with
Shaheen syndrome was described by Althonaian et al. in 2018 [101].
Her clinical presentation included a global developmental disability,
microcephaly, hypohydrosis, enamel hypoplasia, strabismus,
splenomegaly and hypotonia. Additionally, the patient was also
reported to have hemophagocytic lymphohistiocytosis (HLH) at four
years of age as she exhibited the clinical signs including fever,
splenomegaly, cytopenia, hypertriglyceridemia, hemophagocytosis in
bone marrow, low NK cells and high ferritin. In 2015 Rymen et al.
[102] assessed 7 new and 3 previously reported COG6-CDG patients,
including two related to P1. They described the core features of COG6-
CDG as liver involvement (9/10), microcephaly (8/10), developmental
disability (8/10), recurrent infections (7/10), early lethality (6/10),
and hypohidrosis predisposing for hyperthermia (6/10) and hyper-
keratosis (4/10) as ectodermal signs. In 2019, Li et al. [103] reported
another COG6-CDG (P5) that presented with growth retardation,

developmental disability, microcephaly, liver and gastrointestinal
disease, recurrent infections and. The expression of partially
functional COG6 was thought to cause milder phenotypes than the
previous reported patients and to avert early lethality. A retrospective
study by Makhamreh et al. [104] reviewed 21 prenatal CDG cases
having nonimmune hydrops fetalis (NIHF). From the 17 live births out
of 21 cases, one was COG6-CDG. There are numerous factors that cause
NIHF, and the authors suggested that developmental defects due to
COG malfunction may be one possibility.

Though COG6-related pathologies include a whole spectrum of
disorders of variable severity, the majority of patients display core
features common to all COG-CDGs. 50% of the patients were deceased
within the first 2 years of life and mortality was mainly due recurrent
infections, hyperthermia and liver disease. The unique features of the
COG6 clinical phenotype include hyperkeratosis, heart defects and liver
involvement [102]. No immunodeficiency has previously been de-
scribed in other COG-CDGs; however recurrent infections have been
reported in COG4 and COG8 CDGs [99].

3.1.6.2. Molecular analysis. Lübbehusen et al. [70], found a single
amino acid substitution (p.G549V) caused by a homozygous mutation
c.1646G > T in P1. The mutated glycine residue is highly conserved in
all eukaryotes. The mutation resulted in 80% depletion of COG6
protein. Protein levels of lobe B subunits, COG5 and COG7, were also
affected. Overall, this COG6 mutation did not severely affect the COG
complex's assembly; however, there was an abnormal accumulation of
COG subcomplexes. P2 also had the same mutation. Detailed cellular
and molecular analysis of P2 was not performed [99]. However, the
clinical differences in both patients were attributed to variations in the
level of mRNA degradation. Furthermore, glycan analysis of serum
transferrin by mass-spectrometry revealed less hyposialylation. In P3
(Shaheen syndrome), through genome sequencing and autozygosity
mapping a region spanning 6 genes on chromosome 13 was identified.
A mutant variant in COG6 was identified among other variants in this
region. An intronic mutation in COG6, c.1167-24A > G, created a new
splice site resulting in a premature stop codon, p.G390FfsX6. Reverse-
transcription PCR analysis of affected individuals' samples showed two
bands, WT and mutant COG6, with a stark depletion in mutant COG6
mRNA. Only 30% of WT COG6 protein was expressed in the patient.
However, there was no detectable glycosylation defect and IEF of serum
transferrin showed normal N-glycosylation. STX6 protein was depleted
by about 30%, indicating some loss of COG6 function. Thus, this is not a
CDG causing COG mutation per se and the authors suggest wild-type
COG6 depletion is the cause of CDG rather than the p.G549V mutation
may be the cause of previously reported COG6-CDG. In other words,
Shaheen et al. [100] believe that the mutation itself is not CDG causing.
The mild developmental disability without liver involvement or
glycosylation defects could be due to residual expression of the wild-
type COG6 protein. P4, who had HLH, also carried the same mutation
as P3, c.1167-24A > G [101]. Usually, biallelic mutations in genes
such as STX11, UNC13D, STXBP2 and RAB27A cause primary HLH, but
when no mutations were found in these genes, secondary HLH was
diagnosed. Four novel COG6 mutations were identified by Rymen et al.
in 2015 [102]. The first patient carried a homozygous c.511C > T
(p.R171*) mutation. The second patient had a mutation
c.1746 + 2 T > G resulting in altered splicing. He died at 1 year of
age. The third patient had c.1238_1239insA (p.F414Lfs*4) mutation.
She died at 15 months from liver failure. Two other patients, male
siblings, both having c.785A > G (p.Y262C) mutation, were born to
healthy non-consanguineous Moroccan parents. One of the siblings was
21 years old when reported. His brother died at 14 months from liver
transplant complications. The fifth patient was a female child. She died
at 5 months from necrotizing enterocolitis with disseminated
intravascular coagulation and no CDG testing was performed.
However, she was the sister of the patient described by Lübbehusen
et al. in 2010. The sixth patient was also a child of non-consanguineous
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Turkish parents. She developed an infection at 15 days of birth and liver
biopsy revealed fibrosis and cirrhotic changes. She carried two
mutations c.511CNT (p.R171*) and c.1746 + 2G > T, the latter
causing altered splicing. Her parents had another girl child who showed
similar clinical features and died at 15 months; her genetic analysis was
not performed. A detailed clinical analysis by Rymen et al., 2015 [102]
showed that p.R171* and p.F41Lfs*4 loss-of-function mutations cause a
severe clinical phenotype and early lethality while the G594V missense
mutation involves variable clinical phenotypes. Impaired glycosylation
is a common phenomenon of all of those patients, like other COG-CDG.
P5 was a male child [103] heterozygous for mutations c.388C > T
(G130*) and c.1A > G (p.?) in the COG6 gene, the former inherited
from the father and the latter from the mother. The c.388C > T
(G130*) is a nonsense loss-of-function mutation. Being the first base in
the initiation codon, c.1A > G mutation was thought to inhibit
translation or activate a downstream translation start site. The latter,
which would result in the expression of a truncated but partially
functionally COG6 subunit is believed to be the case here, but western
blot analysis and the ability of the COG complex to assemble were not
tested.

3.1.7. COG7
3.1.7.1. Clinical presentation. The first identified COG-CDG causing
mutation was in COG7, and it would later come to be known as the
most severe of all COG-CDGs. In 2004, in the Mediterranean area, two
siblings, male (P1) and female (P2), of healthy consanguineous parents
presented with the CDG phenotypes [105,106]. Both siblings had
clinical features of CDG patients, which included perinatal asphyxia,
dysmorphia, skeletal deformities, hypotonia and hepatosplenomegaly.
Postnatally, they developed jaundice, recurrent epilepsies, infections
and died from cardiac failure. In 2007, 4 children from 3 Morrocan
families were reported with similar lethal mutation in COG7 gene. In all
the 3 families, the parents were consanguineous [107]. Two were
female patients, and the other two were male and female siblings, all
died within the first year of birth. The patients exhibited clinical
presentations including growth retardation, progressive, severe
microcephaly, hypotonia, adducted thumbs, feeding problems by
gastrointestinal pseudo-obstruction, failure to thrive, cardiac
anomalies, wrinkled skin and episodes of extreme hyperthermia.

3.1.7.2. Molecular analysis. In the case of the first two patients, COG7
cDNA sequencing revealed deletion of 19 bases of the first exon. gDNA
sequencing indicated a homozygous intronic point mutation IVS1 + 4
A → C (c.169 + 4 A > C) that impaired splicing. 19 bp deletion in the
COG7 mRNA occurred due to the use of alternative splice site close to
the first intron/exon boundary and resulted in dramatic reduction at
mRNA and protein levels (95% in P1 and 85% in P2). Hence, a small
amount of normal COG7 mRNA was detectable in the patients'
fibroblasts. However, N- and O- glycosylation defects were confirmed
by the IEF pattern of serum transferrin and apolipoprotein C-III.
Staining of patient samples with Concanavalin A, which binds to
early branched mannose N-glycan, indicated normal ER glycan
assembly. Moreover, only P1 fibroblasts showed differences in glycan
processing. Differences in RCA-1 binding between P1 and control
fibroblasts indicated defects in Golgi glycan processing, particularly
sialylation because in N-glycosylation, galactose is the penultimate
glycan and is masked by terminal sialic acid. Further analysis showed
sialylation was impaired due to decreased activity of the nucleotide-
sugar transporter as well as the glycosyltransferase in P1 but not in P2.
Based on the clinical presentation, and defects in multiple glycosylation
pathways, the COG complex's integrity and functionality were assessed.
Lobe A was Golgi localized but all lobe B subunits had diffused cytosolic
staining and COG7 staining was undetectable [105]. In addition, BFA-
induced Golgi collapse into the ER was delayed. Further analysis of the
patients' fibroblasts revealed that COG sensitive proteins, GOSR1 and
BET1L, were mislocalized and depleted. ERGIC-53 was mislocalized to

the Golgi, indicating that ER-to-Golgi retrograde recycling was
impaired [108]. Glycosylation defects, both N- and O- linked, were
confirmed by IEF profiles of serum transferrin, apoCIII [107] as well as
by increased PNA lectin binding to the COG7 deficient fibroblasts. A
different intronic mutation, c.170-7A > G in COG7 was identified in
two COG7-CDG siblings of consanguineous Moroccan parents. This
mutation also activated a cryptic splice site upstream of the canonical
one. As a result, 6 base pairs were inserted between exon 1 and 2 in the
mutant mRNA. The mutant protein subunit contained additional amino
acids, alanine and threonine. The mutation had milder physiological
effects compared to the first c.169 + 4 A > C mutation. N- and O-
linked glycosylation effects were confirmed by IEF of serum transferrin
and apoC-III. The protein levels of COG6, COG7 and COG8 were
depleted by 20–30% and COG5 was depleted by about 60%. Also, the
Golgi largely failed to redistribute to the ER upon BFA treatment [109].

3.1.8. COG8
3.1.8.1. Clinical presentation. In 2007, an 8-year old girl child, born to
consanguineous Spanish parents was presented with acute
encephalopathy, loss of psychomotor abilities, mild dysmorphia,
hypotonia, alternating esotropia, pseudo-ptosis, unregulated
coagulation, mental retardation, gradually worsening cerebellar
ataxia and PFAPA syndrome (Periodic Fever, Aphthous Stomatitis,
Pharyngitis, Adenitis) during infancy. She showed oculomotor apraxia
with dysinergia oculocephalica, pseudo-ptosis and alternating esotropia
at 7 years of age [37]. In the same year, another COG8-CDG patient was
reported [110]. He presented with hypotonia, decreased reflexes,
chronic axonal neuropathy, ventriculomegaly ex vacuo with atrophy,
high levels of lactate in the gray matter at 7 months, seizures, and
esotropia/amblyopia in the first two years of birth. Severe retardation
was evident at 8 years of age. He also had keratosis pilaris, mild
spasticity and contractures, lacked bowel/bladder control and appeared
malnourished due to lack of muscle form all areas. Yang et al. 2017
[111] described another patient with COG8 mutation presenting the
clinical features including hypotonia, failure to thrive, elevated serum
liver enzymes, microcephaly, skeletal deformities and mild
psychomotor retardation. This patient exhibited milder psychomotor
retardation without a seizure history or severe ocular symptoms, unlike
other COG8-CDG patients. Arora et al. 2019 [112] reported a patient
who was severely affected compared to the 3 earlier COG8-CDG
patients. Antenatal conditions included increased nuchal
translucency, arthrogryposis multiplex congenita, Dandy-Walker
malformation and fetal growth restrictions. At birth he presented
with facial dysmorphia, bilateral camptodactyly and required
ventilator support. He died 2 days later. He had an elder sibling who
also died shortly after birth. Autopsy revealed in neurological defects,
including dilated ventricles and missing corpus callosum, vermian
agenesis and enlarged cisterna magna.

3.1.8.2. Molecular analysis. In the first reported patient, cDNA
sequencing of all COG subunits revealed a nonsense mutation
(c.1611C > G) in COG8 gene. The premature stop codon resulted in
76 amino acids missing at the C-terminus (Y537X) and the expression of
the truncated protein was 25% of wild type COG8 protein.
Glycosylation defects in this patient were detected by IEF profiles of
serum transferrin and ApoC-III and increased PNA lectin staining in
patient fibroblasts which led to a CDG diagnosis. AA glycan mass-
spectrometry confirmed the diagnosis. Loss of COG function had
different effects on the abundance of two Golgi glycosylation enzymes
- MAN2A and B4GalT1. The former was unaffected while the latter was
reduced. However, both lobe A and lobe B subunits were depleted
except for COG4 and COG5. Co-immunoprecipitation and velocity
gradient fractionation showed that the mutant COG8 subunit was
unable to interact with COG1, which precluded octameric COG
assembly. Furthermore, COG8, COG1, COG2, COG6 and COG7 did
not localize to the Golgi, but localization of COG3, COG4 and COG5
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were unaffected [37]. The second patient carried two heterozygous
mutations, IVS3 + 1G > A, in intron 3 and a two-nucleotide deletion,
TT1687–1688, in exon 5. IVS3 + 1G > A alters the conserved splice
sequence from GT to AT. This activates an alternate splice site in exon 3
truncating the mRNA by 500 bases and the protein by 306C-terminal
amino acids. In the second case, the protein is truncated by 47 amino
acids due a premature stop codon produced by the frameshift.
Hyposialylation, due to reduced ST3Gal1 activity, was observed by
IEF of serum transferrin, lectin binding and mass spectrometry. In the
patient's fibroblasts COG8 protein was severely depleted and not
detectable by western blot. COG1, COG5, COG6 and COG7 were also
depleted by 60–70% [113]. Only COG2, COG3 and COG4 had
perinuclear localization. Loss of COG8 affected the assembly of the
octameric COG complex. In addition, the abundance of GOSR1 and
BETL1 was reduced, and the formation of the STX5 Golgi SNARE
complex was impaired. COG8 depletion also affected the abundance of
VAMP4 and the assembly of the STX16 SNARE complex, negatively
affecting endosome to TGN retrograde trafficking. In 2017, Yang et al.
found two novel frameshift mutations, c.171dupG (p.L58Afs*29) and
c.1656dupC (p.A553Rfs*15) in COG8 [111]. The patient described by
Arora et al. 2019, was homozygous for the c.1583-1G > A mutation
present at the boundary of intron 4 and exon 5. It is interesting that four
out of six reported mutations in COG8 were present in exon 5
suggesting that it may be a hotspot for mutations [112].

4. Summary

The cellular phenotype and clinical presentations of COG-CDGs are
heterogeneous, but the patients mainly exhibit neurological, morpho-
logical, skeletal, and hepatic abnormalities [94,102,114] (Fig. 4). One
of the main reasons for heterogeneity could be because the mutations
have varying effects on both stability and specific function of the mu-
tant COG subunits (see Table 1) and the COG complex as a whole.
Defects in Golgi glycosylation, particularly reduced sialylation and

galactosylation, is the most common feature between COG-CDG pa-
tients and COG KO cell lines. Importantly, complete depletion of in-
dividual COG subunits in human cell lines resulted in more homo-
genous and striking cellular phenotypes as described earlier. To get a
complete understanding of the clinical phenotypes and to design a
working treatment protocol, COG-CDG patients should be tested for all
COG-related abnormalities, specifically in cells obtained from biopsies
of most affected organ systems.

In all reported COG-CDGs, there is a significant impact on the ner-
vous system. This underscores the importance of the COG complex in
the development and function of this system. Key players in synaptic
transmission are glycosylated and glycans are involved in neuro-
transmitter release, receptor binding and uptake [115]. Severe changes
in copper homeostasis cause neurodegeneration and COG KO cells show
altered stability and localization of copper transporters ATP7A and
SLC31A1 [116]. Furthermore, altered glycosphingolipids synthesis in
the COG-CDGs could be another possible explanation for neuronal in-
volvement [117]. A complete block in N-glycosylation in mice leads to
embryonic lethality. Yet, COG mutations do not lead to embryonic
lethality suggesting that there is some degree of tolerance to COG
malfunction during embryonic development.

Reynders et al. 2009 [90] compared three COG4-CDG patients with
COG1, COG7 and COG8-CDG patients. They concluded that COG1 and
COG4 patients present milder problems in comparison to COG7 and
COG8 patients. Among all of the COG-CDG, COG7 mutation is most
severe. In the case of COG6-CDG, 50% of patients died within the first
2 years of life which indicates it is nearly as severe as COG7-CDG de-
ficiency. There is some additional clinical overlap between COG6 and
COG7 patients but, surprisingly, less similarity is observed for CDGs
associated with the other lobe B subunit, COG5 [102]. Zeevaert et al.
[114] observed that COG8 deficiency mostly had neurological in-
volvement, whereas growth retardation was a predominant feature in
COG1 and COG7-CDG patients and dysmorphic features of face and
hands are common in all CDG patients. Given the small cohort of COG-

Fig. 4. The COG-CDG phenotype in humans. Effect of COG-CDGs on various organs/organ-systems. The most common and prominent COG-CDG clinical phenotypes
are in bold. This figure was made using BioRender.
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CDGs that have been reported, it is difficult to make further correlations
between the affected subunit and clinical manifestations. Comparisons
between the clinical phenotype of COG-CDGs should take into con-
sideration the effect of the mutation on the affected COG subunit. In the
recent retrospective analysis of COG-CDGs, Haijes et al. [118] made
such a comparison and concluded that lobe A mutations are more
detrimental than lobe B mutation, but the discussion is not settled
mainly because of the small number of known mutations and lack of
robust data on these patients.

Treating congenital multi-systemic disorders is challenging and one
single approach could be insufficient. A good example is the treatment
of MPI-CDG. Clinical presentation of MPI-CDG includes but is not
limited to liver fibrosis and gastrointestinal complications, thrombosis,
and hypoglycemia. With oral mannose intake and liver transplantation,
the patient improved dramatically [119]. Similarly, galactose supple-
mentation has been used to alleviate some of the pathologies of PGM1-
CDG [120]. Patients with mutations in TMEM165 have CDG-II and their
glycan profiles reveal hypogalactosylation. Two patients with
TMEM165-CDG responded positively to galactose supplementation
[121]. COG mutations cause a wide range of defects that directly
(glycosylation enzymes, sugar transporters) and indirectly (Golgi
homeostasis, cisternal compartmentalization, and stability of SNAREs
and GEARs) impact glycosylation and other trafficking processes. In-
terestingly, data from our lab indicates that TMEM165 is dependent on
the COG complex for its stability and its depletion in COG KO cells may
contribute to misglycosylation (unpublished observations). If this pre-
diction is correct, galactose therapy may partially alleviate hypogly-
cosylation in COG-CDGs. It is important to note that COG mutations not
only affect the Golgi, but also the endolysosomal system, causing al-
tered secretion and potential malfunction of the lysosomal degradation
machinery [65]; therefore, treatment of COG-CDG patients should
combine strategies used for the treatment of both CDG and lysosomal
disorders. Antisense therapy and gene therapy have not yet been well
fully explored for the treatment of CDGs [122]. In TMEM165-CDG
patient fibroblast, antisense therapy successfully rescued exon skipping
due to an intronic mutation and drove expression of the WT protein
[123]. This approach is applicable where an intronic mutation leads to
the activation of a cryptic splice site upstream of the canonical splice
site. Antisense morpholino oligonucleotides block the cryptic splice site
and promote canonical splicing. With the advancement in research on
gene therapy, it could soon become a reality for the treatment of COG-
CDGs. Theoretically, gene therapy should have promising outcomes in
the treatment of COG-CDGs since the introduction of the WT copy of the
affected COG subunit fully rescues COG-CDG defects in cell lines [63].
At present, the significant challenges/risks include safe vehicular de-
livery and targeted integration of the delivered gene. Gene therapy,
through intravenous and intramuscular liposomal delivery, rescued
GNE-CDG (UDP-GlcNAc2 epimerase-CDG) in mice [124]. The estab-
lishment of a reliable animal COG disease model will benefit the de-
velopment of therapeutics. There are some encouraging attempts to
explore fly [125] and fish [91] models to study COG disorders. To date,
all major COG studies have come from yeast and mammalian cell lines,
including COG-CDG patient fibroblasts. Patient fibroblasts are not well
representative of all the organ systems and cell types that are affected
by COG mutations; therefore iPS (induced pluripotent stem) cells made
from patients' fibroblasts will be a good starting point to explore po-
tential therapeutics.

5. Future questions

From more than 30 years of research, the COG complex has emerged
as the major player in Golgi trafficking. COG has been studied in single-
celled yeast, higher eukaryotes, mammalian cell lines and COG-CDG
patients. Its tethering function, interactions with the Golgi trafficking
machinery, the impact of its deficiency on glycosylation and Golgi
trafficking are well established.

Nevertheless, the molecular mechanism of COG-mediated vesicle
tethering is only speculative and the exact molecular reactions and
sequence of events leading to docking and fusion of retrograde mem-
brane carriers at the Golgi are not fully understood. COG has multiple
interactions with other components of a vesicle fusion machinery, but
the temporal sequence of these protein-protein interactions is not clear.
The prediction is that at least some COG interactions with the Golgi
trafficking machinery are sequential rather than simultaneous since
individual subunits interact with more than one trafficking partner. In
vitro reconstitution of the COG complex function will undoubtedly help
in answering this and other mechanistic questions. So far, successful in
vitro reconstitution was achieved only for one MTC, yeast HOPS com-
plex [126].

Which molecules are responsible for the COG complex's recruitment
to the Golgi membrane? CATCHRs employ diverse strategies for
membrane association: Dsl1 is membrane-associated by ER anchored
SNAREs [127]. The GARP complex is recruited by Arl5 [128] and the
exocyst interacts with both Rabs and PM lipid PIP2 [32]. Are COG in-
teracting Rabs or SNAREs responsible for its recruitment to the Golgi
rims, or is it Golgi membrane lipids? It is likely that COG uses several
membrane attachment strategies since the deletion of individual Rabs
fails to dislocate COG to the cytosol (our unpublished observation).

Members of the CATCHR complexes have three (Dsl1), four (GARP
and EARP), or eight (COG and exocyst) subunits. They all share struc-
tural homology and have common α-helical compact folds despite low
sequence homology. This indicates that they evolved from a common
ancestor [129]. Why did the exocyst and COG acquire double the
number of subunits? Do they perform any additional functions than the
Dsl1 and GARP? Dsl1 and COG tether COPI coated vesicles at the ER
and Golgi, respectively. Is it possible that the COG also tethers recycling
membrane intermediates in a COPI independent pathway?

Does the COG complex solely function in intra-Golgi retrograde
trafficking? Several publications suggest that the COG complex has
other, possibly subordinate, roles outside of the Golgi arena. At the
TGN, COG1 shows specific interaction with RINT-1, a component of the
Dsl1/ZW10 complex [130]. Meanwhile, COG6 interacts with GARP
partner SNARE STX6 [131] and we have detected multiple COG-GARP
and COG-exocyst protein-protein interactions in cell lysates (un-
published observations). Does it mean that CATCHR complexes can
share their subunits to perform new functions? Is there a cross-talk
between the CATCHRs and other vesicle tethering factors?

In yeast, the cytoplasm to vacuole targeting pathway is dependent
on the activity of COG lobe A subunits. Autophagosome formation and
the sorting of Atg proteins to the site of nucleation is affected in COG
mutant cells [132]. This suggests that the COG complex might be in-
volved in tethering events leading to autophagosome formation. Fur-
thermore, one of the Atg proteins, Atg6 is dispersed in COG2 yeast
mutants while several other Atg proteins have been shown to interact
with COG subunits in yeast two-hybrid assays. At the TGN, COG8
controls Atg9 trafficking in collaboration with Arl1 and Arl3 GTPases
[133]. If indeed COG is involved in autophagy, it would be worth
studying the status of autophagy in COG-CDG patients and if found
faulty, weigh in its impact on the COG-CDG phenotype.

6. Conclusion

The first COG subunits were discovered by the Monty Krieger lab
35 years ago [56]; it took almost 20 years to realize that these proteins
act together as an evolutionarily conserved vesicle tethering complex
[29,39] and that mutations in COG subunits are responsible for a whole
family of human CDG-II diseases [105,114]. We hope that the potent
combination of molecular (gene editing and stem cell manipulations),
biochemical (purification of active proteins and complexes and in vitro
reconstitution), microscopical (superresolution and cryo-EM micro-
scopy) techniques and development of advanced animal models will
allow not only for the complete understanding of COG complex cellular
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function(s) but also for the efficient diagnostics and treatment of COG-
related human disorders.
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