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Introduction

1. Cells are the fundamental units of life

Thanks to the development of glass lenses in the 17th century, Robert Hooke
visualized the detailed structures of a piece of cork slices from a primitive microscope. In his
book Micrographia published in 1665, he described the formation of tiny chambers within
the cork, which he termed “cells” (Hooke and Jo. Martyn and Ja. Allestry., 1665). In the
following 200 years, developments in light microscopy enabled the visualization of cells in
ever greater details. The birth of cell biology (a.k.a cell theory) as a recognized subject
emerges from two publications by Matthias Schleiden in 1838 and Theodor Schwann in 1839
(Schleiden, 1838; Schwann and Hiinseler, 1839). Rudolf Virchow also added one of the
tenets to cell theory and in 1855 concluded: 1) All living organisms are composed of one or
more cells. 2) The cell is a basic unit of structure, physiology, and organization. 3) All cells
come from the pre-existing cells. To date, high-end technology allows us to observe the

fundamental unit of life — cells in a nanoscopic scale.

1.1 Cell membranes

In the 1930s, Max Knoll and Ernst Ruska built the first electron microscope, and the
improvements in higher resolution in turn overcame the limitations of visible light. David
Robertson revealed the first micrograph of the lipid bilayer in the cell membrane in 1957
(Robertson, 1960). Not until 1972, Seymour Singer and Garth Nicolson proposed the fluid
mosaic model to elucidate the functional cell membrane, in which lipids, proteins and
carbohydrates together constitute the structures of biological membranes (Singer and
Nicolson, 1972). The phospholipid bilayer provides fluidity and elasticity, with the mobile
proteins partially or totally embedded in the membranes. A typical eukaryotic cell carries out
billions of chemical reactions in one second. Membrane structure is essential to serve as a
barrier, which protects the substances from escaping and mixing with the surroundings. It is
worth noting that most of the chemical reactions take place in the solution of water. The
hydrophobic tails of the phospholipids assemble together to exclude water and the
hydrophilic head groups allow them to face towards the aqueous environment. On the other
hand, the cell membrane, and the membrane embedded proteins act as the gatekeepers, which
selectively restrict the exchange between the interior and exterior environment. The
characteristics of semi-permeable cell membranes enable the cells to control the passage of

molecules and further to permit cellular communication.



1.2 Membrane transport

Membrane transport plays a vital role for living cells as delivery of newly synthetized
molecules to their destination is essential for cell homeostasis including nutrients uptake and
mobilization, or intra- or trans-organelle communication, for instance. To ensure and regulate
the specialized functions inside the cells, cells possess two different types of membrane

transport: passive and active transport.

1.2.1 Passive Transport

Passive transport refers to the movement of substances across cell membranes without
energy expenditure. There are two types of passive transport: 1) simple diffusion, 2)
facilitated diffusion. The direction of the transport relies on the concentration gradient due to
compartmentalization of the cell membrane. Particles will spontaneously flow from the areas
with higher concentration to lower concentration, such as CO2 and O2, until two areas reach
equilibrium concentration. However, large uncharged polar molecules and ions are unable to
cross the membrane, owing to their size and solubility. To achieve their entry into the cells,
solutes require specific channels or transporters to facilitate the diffusion. A classic example
of transporter-mediated transport is glucose transporter 2 (GLUT2), which undergoes
conformational changes upon the binding of glucose (Loo et al., 1998). Since the binding site
of GLUT?2 is only exposed to one side of the cell membrane at a time, the transition between
the on- and off-state is reversible to transport glucose inward to the cell or outward to the

extracellular space, which is dependent on concentration of glucose across cell membranes.

1.2.2 Active Transport

Despite the fact that passive transport offers an effective way to transfer molecules, it
is of importance to ensure the homeostasis of certain molecules or ions across the membrane,
which may not follow the concentration or electrochemical gradient. An active transport
allows the movement of molecules against the concentration gradient with the need of energy
consumption, namely ATP. Primary active transport depends on the transmembrane pumps,
with which ATP hydrolysis powers the direct transport of the molecules (Chen and Lui,
2022). Over 100 years, studies have demonstrated that maintaining the membrane potential is
critical in cell cycle, cell volume, muscle contraction and neuronal system (Abdul Kadir et al.,
2018). Nat+/K+ ATPase drives K+ influx together with Na+ outflux across the membrane,

keeping the cytosolic concentration of K+ high and Na+ low (Lin and Tang, 1997).



1.3 Intracellular compartments and protein transport
1.3.1 Endomembrane system and membrane-enclosed organelles

Prokaryotic and eukaryotic cells are classified according to the presence of a nucleus
enclosed with a nuclear envelope. A prokaryotic cell consists of a single plasma membrane
and all the chemical reactions take place in the cytoplasm. In contrast, a eukaryotic cell has
internal membrane structures leading to elaborate cellular compartmentalization. As
mentioned above, the differential permeability of cell membranes provides the barriers and

allows the specialized subcellular processes to perform in a confined space.

From the evolutionary perspectives, it is possible that the plasma membrane was
invaginated together with the DNA in an ancient prokaryotic cell, and in turn contributed to
the early formation of a nucleus and a nuclear envelope (Cavalier-Smith, 1988). Other
portions of the invaginated membrane later extended and gave rise to the endoplasmic
reticulum (ER), Golgi apparatus, endosomes, lysosomes and so on (Martin et al., 2015).
Contrarily, it is believed that mitochondria and chloroplasts have originated from engulfed
pre-existing prokaryotes, which used to be free-living organisms. This theory may explain
why these two organelles contain two lipid bilayer membranes, their own genome, ribosomes,

and can perform protein synthesis.

1.3.2 Protein synthesis and transport

By the 1920s, it has been intensely debated that the biological basis of heredity relies
on DNA or protein, while the latter shows more chemical diversity than the former. Not until
Frederick Griffith in 1928, Oswald Avery, Colin MacLeod and Maclyn McCarty in 1944,
reported the astonishing findings did the scientific community generally reach an agreement
that DNA is the genetic material. Followed by Robert Roeder in 1969 with the landmark
discovery of 3 nuclear RNA polymerases, Roger Kornberg in 1974 revealed the eukaryotic
transcription machinery from DNA to RNA with the regulation of certain proteins (Kornberg,
2007; Roeder, 2019). George Palade in 1955 used the newly developed electron microscope
to examine subcellular structures, and his identification of ribosomes as the protein-
synthesizing organelles unveiled the translation mechanisms from RNA to protein (Palade,
1955). His contribution, together with Philip Siekevitz in 1956, revealed that secretory
protein was primarily synthesized in the cisternal membranes of rough ER (Palade and
Siekevitz, 1956a; Palade and Siekevitz, 1956b) (Figure 1). These findings provide sufficient

evidence for the subsequent studies by Jim Jamieson and George Palade in 1967 that the



secretory proteins are further transported to the Golgi apparatus through small vesicles
located in the periphery of the complex (Jamieson and Palade, 1967). In sum, the central
dogma of molecular biology summarized the genetic information flow is transferred from

DNA, RNA and finally proteins, firstly illustrated by Francis Crick in 1957 (Crick, 1958).

endoplasmic reticulum cytosol

400 nm

Figure 1. Micrograph of ER ribosomes through electron microscopy. A thin layer of a
region at the cytoplasm is shown. Pink arrows indicate the free ribosomes in the cytosol,
and green arrows reveal the ribosomes attached to the ER membrane. (Wells, 2005)

Despite the remarkable biodiversity on earth, all the living creatures share a similar
and basic chemistry. In eukaryotic cells, the transcription of a target gene takes place firstly
in the nucleus, and RNA molecules are then exported to the cytoplasm, where protein
translation occurs. Proteins are indispensable components in the cells, the mechanisms of
which governing specification and transmission are elegantly controlled by their signal
sequences. Sorted proteins contain some typical signal sequences, ranging from 15 to 60
amino acids, to direct the proteins to certain membrane-bounded organelles, such as

mitochondria, chloroplasts and peroxisomes.



2. Anterograde transport from Endoplasmic Reticulum to Golgi apparatus

Mammalian cells are characterized by the co-existence of multiple trafficking
pathways, including anterograde and retrograde protein transport. In the anterograde direction,
newly synthesized proteins are processed firstly in the ER, then eventually post-
translationally modified by Golgi-resident enzymes, and finally sorted to their final

destinations, including endosomes, lysosomes or plasma membrane.

2.1 Endoplasmic reticulum
2.1.1 Structure and function of endoplasmic reticulum

The architecture of endoplasmic reticulum is composed of a range of interconnected
sheets and tubules, and is continuous with the nuclear envelope. A recent study has shown
that ER is indeed made almost exclusively of tubules, sheets being dense tubular matrices, as
demonstrated by advanced spatiotemporal analysis (Nixon-Abell et al., 2016). Two types of
endoplasmic reticulum are present in the plant and animal cells, including smooth
endoplasmic reticulum (SER) and rough endoplasmic reticulum (RER), particularly studded
with ribosomes on the cytosolic surface. Both SER and RER ensure several functions
depending on the cell type. In eukaryotic cells, SER is involved in lipid biosynthesis and
RER is associated with protein production, folding and post-translational modifications. The
dynamic ER network is constantly rearranging its structure and position through cytoskeleton,
motor proteins and membrane-shaping proteins. The ER tubules are pulled out from the
membrane reservoirs through the attachment of microtubules (MT) to ER-resident proteins,
such as cytoskeleton-associated protein 4 (CKAP4 or CLIMP-63), and stromal interaction
molecule 1 (STIM1) (Grigoriev et al., 2008; Vedrenne et al., 2005). Three types of ER
movement are categorized: 1) Sliding: ER tubules undergo motor-dependent tracking along
acetylated MT toward plus end with dynein and minus end with kinesin-1 (Wozniak et al.,
2009). Inhibition of kinesin-1 impairs the ER tubule extension (Friedman et al., 2010). 2) Tip
attachment complex (TAC)-mediated movement: TAC dynamics depends on the tethering of
a plus-end-tracking protein — EB1 and STIMI1. Membrane sliding and TAC-driven
mechanisms account for 68.6% and 31.4% of the newly formed ER tubules (Waterman-
Storer and Salmon, 1998). 3) Ring rearrangement: simultaneous imaging has revealed that
tubular ER membranes wrap around endosomes or mitochondria (Friedman et al., 2011). This
interorgenelle contact forms the ER ring structures, which often leads to the endosome fission
and mitochondrial division (Rowland et al., 2014). ER has been shown to establish contact

with several cellular membrane compartments, namely mitochondria, peroxisomes, lipid



droplets, lysosomes, and the Golgi apparatus (Valm et al., 2017). Many studies show that ER-
organelle membrane contacts are functionally important, which may in turn explains the wide

distribution of ER networks.

ER serves as a major site of protein synthesis and transport of a variety of molecules.
To ensure the protein quality, ER-resident chaperone proteins, containing ER retention signal,
assist the newly synthesized proteins to achieve correct three-dimensional conformations.
There are several categories of ER proteins and folding enzymes: ER chaperones (e.g.
calreticulin, calnexin...), the heat shock family (e.g. BiP, GRP94...), the protein disulfide
isomerase (PDI) family, etc (Halperin et al., 2014). Most of the proteins are covalently
modified to glycoproteins in the ER through glycosylation, processed by an
oligosaccharyltransferase, the central enzyme of the N-linked glycosylation pathway (Aebi,
2013). This glycosylation-fold-reglycosylation cycle continues until a functional product is
produced, released by the chaperones, and transported to the final destinations. Otherwise, the
misfolded or aggregated proteins can either remain in the ER or enter ER-associated protein

degradation (ERAD) pathway, mediated by the proteasome (Meusser et al., 2005).

The homeostasis of calcium has profound influence on fertilization, muscle
contraction, and synaptic transmission in neurons. ER is a primary storage site for
intracellular calcium. The cytosolic concentration of free calcium in an unstimulated cell is
extremely low (around 100nM), while its concentration in the ER lumen and in the
extracellular fluid is around 100-800 uM and 2mM, respectively (Schwarz and Blower, 2016).
Upon the stimulation of G-protein coupled receptors (GPCR), the cleavage of
phosphatidylinositol 4,5 bisphosphate (PIP2) into diacyl-glycerol (DAG) and IP3, which can
then bind to IP3R in the ER, leads to calcium release and induces muscle contraction and
neuronal activity. Studies have indicated that the binding affinity of unfolded proteins and
lectin-like chaperones is significantly higher at high concentrations of calcium in the ER

(Corbett and Michalak, 2000).

The maintenance of ER homeostasis is of importance to regulate the intracellular
calcium release, the biogenesis and function of many organelles, and protein maturation. The
disruption of normal ER conditions can occur due to the microenvironmental changes
(starvation, low pH or hypoxia), the alteration of intrinsic metabolism (ROS overproduction

or low ATP), the oncogenic stress (growth or hormone receptors activation, high transcription
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and translation rates, or augmented secretory capacity), and therapy (cytotoxic drugs or
radiation treatment), which consequently induce the ER stress (Chen and Cubillos-Ruiz,
2021). ER stress activates the unfolded protein response (UPR) and downstream signaling
cascades, which is controlled by 3 ER-localized transmembrane sensors, inositol-requiring
protein 1o (IREla), protein kinase RNA-like endoplasmic reticulum (ER) kinase (PERK) and
activating transcription factor 6 (ATF6) (Li et al., 2020) (Figure 2). Downstream target genes,
activated by X-Box binding protein 1 (XBP1) and activating transcription factor 4 (ATF4),
are involved in protein synthesis, folding, quality control and phospholipid synthesis. As for
activating transcription factor 6 (ATF6) is transported to Golgi apparatus with the interaction
of COPII, and controls the expression of genes, associated with autophagy, apoptosis and
ERAD (Almanza et al., 2019; Hetz, 2012). Although detailed mechanisms of UPR have been
extensively discussed in many reviews, it remains still puzzling how UPR provides effects in
many different cell types, and how the information of ER stress, such as stimulus, intensity
and duration, is translated into particular cell fate programs, including cell death,

differentiation and tumorigenesis.

ER lumen IRE1 Unfolded PERKC»7#/81P CNPY2 Unfo[qed ATF6
Grp78/BiP protein R oNPY2 protein Grp78/8iP
" - "'" ‘» _ ‘n, e’\ ‘
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Figure 2. Overview of UPR signaling pathway. 3 UPR stress sensors: inositol-requiring
enzyme 1 (IREI), protein kinase RNA-like endoplasmic reticulum (ER) kinase (PERK) and
activating transcription factor 6 (ATF6). (Li et al., 2020)
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2.1.2 Protein transport from endoplasmic reticulum

Over the years, great advances towards tracking the proteins and vesicles allowed the
biologists to visualize and examine the intracellular transport. Conditional temperature-
sensitive mutant yeast is a powerful tool to identify the genes involved in the protein
secretion. The phenotype of a mutant gene resembles that of wild type at 25°C, whereas the
function of the protein is substantially reduced or inactivated at the temperature shift to 35°C
(Novick and Schekman, 1979). This approach allows us to dissect the protein secretory
pathway in yeast. In 2008, Osamu Shimomura, Martin Chalfie and Roger Tsien were
awarded the Nobel Prize in Chemistry for their discovery and development of the green
fluorescent protein, GFP. In the 1990s, membrane protein biogenesis can be monitored by
synchronizing the protein transport of the temperature-sensitive mutant of viral glycoprotein
(VSVtsO45) tagged with GFP. Upon the temperature shift from 40°C to 32°C, VSVGtsO45
oligomerizes and the translocation of VSVGtsO45-GFP could be observed from ER to pre-
Golgi structures and then from the Golgi apparatus to plasma membrane (Bergmann, 1989;
Kreis and Lodish, 1986; Presley et al., 1997). Together with the identification of many
fluorescent proteins in various spectral regions (Kremers et al., 2011), the approach of
fluorescence recovery after photobleaching (FRAP) and fluorescence resonance energy
transfer (FRET) allows us to study and examine the protein subcellular structures and

dynamics.

2.1.3 Formation of COPII complex at ER exit sites

Vesicular transport between various membrane-enclosed compartments is regulated in
a highly ordered manner. Each vesicle budding off from the donor membrane is usually
facilitated via coated proteins on the cytosolic surface. In the late 1970s, Randy Schekman
and James Rothman pioneered the genetic and biochemical techniques to initially identify 23
sec genes and proteins, uncovering the fundamental machinery for vesicle transport (Balch et
al., 1984; Novick and Schekman, 1979). The ER-to-Golgi anterograde transport is mediated
by the production of COPII-coated vesicles, ranging from 60-90 nm in diameter, at the ER
exit site (ERES). Components responsible for the assembly of the COPII complex include a
small GTPase Sarl, along with its specific guanine exchange factor (GEF) Sec12, inner coat
complex Sec23/24 and outer coat complex Sec13/31. Upon the activation of Sarl through
Sec12, the cargo can be captured by sec23/24 and the cage-like structure of secl3/31 is
recruited to the ER membrane (Figure 3) (Budnik and Stephens, 2009).
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Figure 3. Scheme of COPII vesicle formation. Step 1-2: The activation of Sarl through
Sec12 directs the recruitment of Sec23/24. Step 3-5: Propagation of the COPII coat is
facilitated by the interaction of soluble cargoes and cargo receptors/transmembrane cargo,
as well as other adaptors such as TANGO]1. Step 6-8: Recruitment of Sec13/31 results in
the assembly of the COPII coat complex, and Sec12 and TANGO1 are then excluded from
the final structure. (Budnik and Stephens, 2009)

One of the best characterized cargo receptors is ERGIC-53, a type I transmembrane
mannose-specific lectin, continuously cycling between ER and ER-Golgi intermediate
compartment. ERGIC-53 captures soluble lumenal glycoproteins, interacts directly with
Sec23, and results in the engagement of ERGIC-53/cargo complexes into COPII vesicles,
which is necessary for the maintenance of structural integrity. Functional ERGIC-53 is
required for the package ability of such cargos as coagulation factors V and VIII, cathepsin C
and Z, and al-antitrypsin (Appenzeller et al., 1999; Nichols et al., 1998; Nyfeler et al., 2008;
Vollenweider et al., 1998).

Another known transmembrane cargo receptor, Surfeit locus protein 4 (SURF4) in
human or Erv29p homolog in yeast, can also promote the COPII complex assembly at ERES.
SURF4 binds directly to the terminal tripeptide motifs of soluble cargo proteins, namely the
amino-terminal peptide-encoding motif (ER-ESCAPE motif) (Yin et al., 2018). A recent
paper identifies the physical interaction of SURF4 and Sec12, together with the binding of
SURF4 and proinsulin cargo, regulates the COPII-driven ER export (Saegusa et al., 2022).
Another publication also indicates that the luminal domain of SURF4 directly binds to sonic

hedgehog (Shh) proteins with N-terminal KRRHPKK motifs, facilitating the package of Shh
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into COPII-coated vesicles (Tang et al., 2022). In addition, the results also provide the
evidence that the proteoglycans compete with SURF4 to bind to Shh, facilitating the
dissociation of SURF and Shh at the Golgi, and therefore mediating the Golgi-to-ER
retrograde transport (Tang et al.,, 2022). Aside from proinsulin secretion and Hedgehog
signaling pathway, SURF4 (Erv29p in yeast; SFT-4 in C. elegans) has been documented to
form complexes with various cargos, including pheromone precursor prepro-alpha factor
(gpaF) in yeast, yolk lipoproteins in C. elegans, apolipoprotein B, proprotein convertase
subtilisin/kexin type 9 (PCSK9), progranulin and prosaposin in human (Belden and Barlowe,

2001; Devireddy and Ferguson, 2021; Emmer et al., 2018; Saegusa et al., 2018).

Despite the predominant capture mechanism of ERGIC-53, certain large protein
complexes may encounter the limitation to be loaded into the COPII carriers. It has been
demonstrated that the size of an icosidodecahedron COPII-coated vesicles is ranged around
60-80 nm in diameter, whereas the structures with such large cargos as procollagen shows
around 300-400 nm in length (Bonfanti et al., 1998; Fromme and Schekman, 2005). Through
a genome-wide screen in Drosophila, a transmembrane cargo receptor, TANGOI1, has been
identified for the direct interaction of a bulky cargo collagen VII (Saito et al., 2009). The
finding of TANGO1 SH3 domain - Hsp47, a collagen-specific chaperone, complex formation
may explain the loading of collagen onto the COPII carriers (Ishikawa et al., 2016). The
recruitment of collagen at the ERES is mediated by cutaneous T-cell lymphoma-associated
antigen 5 (cTAGES), a binding partner of TANGO/1, and then Sec12 is localized at the ERES
through the interaction with cTAGES (Saito et al., 2011, 2014). TANGO1/cTAGES can also
bind directly to Sec23 for the assembly of large COPII carriers, and then TANGO1 recruits
ERGIC-53-containing membranes for ER export of procollagen II (Ma and Goldberg, 2016;
Raote et al., 2018). It is of note that TANGO1 directs the cargo loading in the COPII carriers,
whereas TANGOL1 itself is not incorporated into the budding vesicle, distinct from ERGIC-
53-mediated mechanism (Budnik and Stephens, 2009). By analyzing the division of mouse
embryonic stem cell, another report also demonstrated that complex of ubiquitin ligase
CUL3-KLHL12 monoubiquitinated Sec31 and drove the assembly of large COPII complex

for collagen secretion (Jin et al., 2012).
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2.1.4 Formation of COPI complex

The better characterized function of COPI is to mediate the transport of cargo within
the Golgi apparatus, as well as the Golgi-to-ER retrograde transport. The formation of the
coat carriers was firstly purified in vitro in presence of a non-hydrolyzable GTP analog,
GTPyS, which in turn inhibited the vesicle fusion (Malhotra et al., 1989; Melancon et al.,
1987). The detailed analysis of heteroheptameric COPI complex were later identified as 7
large protein subunits, including a-, B-, B'-, y-, 6-, e- and {-COP (Beck et al., 2009).

The principle of COPI coat assembly is similar to that of COPII (Figure 4). The
formation of COPI-coated vesicles involves the activation and insertion of Arfl into the
Golgi membrane, through the only known cis-Golgi-localized GEF, GBF1 (D’Souza-Schorey
and Chavrier, 2006; Kawamoto et al., 2002). Interestingly, unlike the COPII complex, COPI
complex forms a stable coat en bloc in the cytosol and docks on the vesicle budding site
(Hara-Kuge, 1994). The initial recruitment of Arfl is mediated by the binding of p23 with its
cytoplasmic tail, and the recruitment of COPI complex is facilitated by Arfl-COPI, together
with p24-y-COP interaction (Beck et al., 2009; Béthune and Wieland, 2018).
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Figure 4. Scheme of COPI vesicle formation. The activation of Arfl through GBF1
directs the insertion of Arfl onto Golgi membranes. Propagation of the COPII coat is
facilitated by the interaction of Arfl, COPI and the cargo receptors p23/24. (Beck et al.,
2009)
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However, the role of COPI complex in Golgi-to-ER retrograde transport is accepted
by the community, whereas its association with anterograde transport carriers is less clear. A
very recent study has shown that COPI complex is participating at ERES, revealed by cryo-
structured illumination microscopy and whole-cell focused ion beam scanning electron

microscopy (FIB-SEM) (Weigel et al., 2021).

2.2 Golgi Apparatus
2.2.1 Structure and function of Golgi apparatus

The discovery of Golgi the apparatus was firstly reported by Camillo Golgi in 1898,
which he termed as an “internal reticular apparatus” in the Purkinje neurons with silver
nitrate staining. In the early 1950s, the Golgi apparatus as a distinctive organelle became an
accepted concept owing to the development of electron microscopy (Sjostrand and Hanzon,
1954). Evidences were further provided that secretory proteins were exported from the ER to
the Golgi apparatus through small vesicles (Jamieson and Palade, 1966). Over the past 20
years, remarkable data of high-resolution images have reconstructed the morphology of Golgi
through electron tomography and correlative microscopy (CLEM) (Ladinsky et al., 2002;
Trucco et al., 2004; Polishchuk et al., 2000). Golgi apparatus consists of a series of 3-20
stacks, with around 10 pm in the long axis and about 6 pm in the short axis of the Golgi
apparatus in the epithelial cells, but number varies among different organisms and cell types
(Koga and Ushiki, 2006). Each cisternal membrane of the Golgi apparatus aligns on top of
each other, piling up closely opposed and flattened membranes, with each cisterna ranging

from 0.7 to 1.1 um (Pelletier et al., 2002) (Figure 5).

The Golgi complex is comprised of 4 distinct regions: cis-, medial-, trans-Golgi
cisternae, and trans-Golgi network (TGN). The differential distribution of lipids and proteins
bear a cis-to-trans gradient within the stacks (Holthuis et al., 2001; Orci et al., 1981;
Rabouille et al., 1995; Roth et al., 1986). Most mammalian cells contain multiple Golgi
stacks, interconnected by tubules. Each cisterna is anchored through the intervention of the
Golgi reassembly and stacking protein 55 (GRASP55) and GRASP65. The myristoylation of
GRASP55 and GRASP65 mediates their association with the Golgi membrane, and the
oligomerization of GRASP55/65 interconnects one cisternae to another (Rabouille and
Linstedt, 2016). In addition, the cytosolic face of the Golgi apparatus has a dense network of
proteins, the Golgi matrix, which will be discussed later in the context. Knockdown of

Giantin, the longest golgin in cells, increases the connectivity among Golgi cisterna and

16



stacks, suggesting its role in the generation of the non-compact throughout Golgi complex
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(Satoh et al., 2019).

Figure 5. 3D reconstruction of the Golgi apparatus. (A) 3D reconstructions were
generated from HIT-T15 cells (hamster pancreatic beta cells). The seven cisternae comprise
the Golgi from C1-C7. C1, light blue; C2, pink; C3, cherry red; C4, green; C5, dark blue;
C6, gold; C7, bright red. (B) The ER (yellow) traverses the Golgi stack and extends from
Golgi to the opposite directions. Scale bar = 500 nm. (Marsh et al., 2001)

2.2.1.1 Non-centrosomal microtubule organizing center (MTOC)

The Golgi apparatus is localized at the cell center in various cell types, due to the
action of microtubule cytoskeleton. Microtubules are built by a- and B-tubulin subunits
through noncovalent interaction. Inside cells, microtubules extend from the centrosomes,
made of y-tubulin. The af-tubulin dimer attachs to each y-tubulin ring complexes (y-TuRC)
and initiates the growing of microtubules. The recruitment of y-tubulin ring complexes (y-
TuRC) was found also associated with isolated Golgi membrane, indicating the role of Golgi
apparatus as a non-centrosomal microtubule organizing center (MTOC) (Chabin-Brion et al.,
2001).

First, the recruitment of y-TuRC initiated the MT outgrowth at the cis-Golgi face,
requiring the association of AKAP450 (A-kinase anchoring protein of 450 kDa) and GM130,
which allow the MT nucleation and in turn regulate the transport of specific cargos to the cell
surface (Rivero et al., 2009). Golgi-derived microtubules formation is also controlled by the
interaction of y-TuRC, CDK5RAP2 and myomegalin (Rios, 2014; Roubin et al., 2013).

Second, the nucleation of MT provides a secure template for the MT polymerization, which
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includes a known MT stabilizer, CLASP. CLASPs are MT plus-end interacting proteins
(+TIPs) and both CLASP1 and CLASP2 are targeted to trans-Golgi and TGN, recruited by
the scaffolding golgin GCCI185 (Efimov et al., 2007). The interaction of AKAP450 and
CLASPs can enhance the microtubule-stabilizing activity through the binding of MT cross-
linking factor 1 (MTCL1) (Sato et al., 2014). Lastly, to stabilize the MT structure, recent
work has indicated that the clustered CAMSAP2 and CAMSAP3 at the minus-end of non-
centrosomal MTs prevent MT depolymerization (Jiang et al., 2014).

Intriguingly, despite the importance of Golgi-derived MTs in organelle positioning
and cargo trafficking, microtubules are dispensable for an efficient ER-to-Golgi and post-
Golgi protein transport. Studies have demonstrated that nocodazole-induced Golgi mini-
stacks maintain the cis-to-trans internal polarity adjacent to ERES, which in turn facilitates
the normal ER-to-Golgi transport, and that post-Golgi trafficking requires the maturation of
functional Golgi mini-stacks, but not the presence of microtubules (Cole et al., 1996;

Fourriere et al., 2016; Presley et al., 1997).

2.2.1.2 Lipid metabolism

Lipids play fundamental structural and signaling roles in the eukaryotic
endomembrane system and membrane composition, and regulate the cellular functions such
as cell migration, recognition and polarity (Krahn and Wodarz, 2012). Based on their distinct
structures and functions, lipids can be divided into various subtypes, including
glycerophospholipids, sphingomyelin (SM), and glycosphingolipids, cholesterol.
Glycerophospholipids account for approximately 70% of lipid species in mammalian cells,
among which phosphatidylcholine (PC) is the most prevalent and accounts for 40%—-50% of
the total. Phosphatidylethanolamine (PE), which ranges from 20% to 45% of the total
phospholipids, depending on the tissue, is the next most abundant (Murphy et al., 1993).
Phosphatidylinositol (PI; 3%), phosphatidylserine (PS), phosphatidic acid (PA), and
sphingomyelin (SM, 1%) are present in lesser amounts (Vance, 2008). Lipid composition
also differs among intracellular organelles within the cell, showing a gradual increase in the
concentration of SM from ER (3%), Golgi (8%) to plasma membrane (16%) (van Meer,
1998). Glycerophospholipids, cholesterol and ceramide are mainly synthesized in the ER,
whereas Golgi serves as the principal site for the synthesis of SM and glycolipids. Many
studies have shown the localization of SM synthase 1 (SMS1) in the cis- and medial-Golgi

and that of SMS2 mainly at the plasma membrane (Futerman et al., 1990; Huitema et al.,
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2004). Defects of SMSs result in the mis-localization of the secreted proteins away from the
glycosylation enzymes at TGN, attenuated subcellular localization of DAG and its binding
protein kinase D (PKD), delayed maturation and retarded trafficking of virus glycoproteins
from Golgi to plasma membrane (Subathra et al., 2011; Tafesse et al., 2013; Villani et al.,
2008; van Galen et al., 2014).

Studies of PIs, such as phosphatidylinositol-(4,5)-bisphosphate (PIP;) and
phosphatidylinositol-4-phosphate (PI4P), have demonstrated their functions in a remarkable
number of crucial cellular processes, even though they occupy a relatively small proportion
of the total phospholipids. Distinct classes of lipid transfer proteins (e.g. ceramide-transfer
protein, or CERT), lipid kinases (e.g. PI4K and PIP5K), phosphatases (e.g. SAC1, OCRLI,
INPP5B) and protein kinases (e.g. PKD) are present at Golgi apparatus, often recruited
selectively through small GTPases of the Rab or Arf families. Four PI4Ks, PI4KIla and B,
PI4KIllo and B, in mammalian cells distribute unevenly throughout the cell, whereas
PI4KIIIB is mainly associated with the Golgi complex (Godi et al., 1999). The Arfl-induced
PI4KIIIB complex, together with NCS-1, can be stabilized by the phosphorylation of PKD at
Golgi. Inhibition of this complex formation leads to failure of the tubule fission the post-
Golgi carriers (Mayinger, 2011; Valente et al., 2012). ER-to-Golgi translocation of SACI1
requires the oligomerization of SAC1 and the recruitment of the COPII complex, upon the
stimulation of growth factor in mammalian cells. The up-regulation of SACI in the Golgi
decreases the levels of PI4P and inhibits protein secretion (Blagoveshchenskaya et al., 2008;

De Matteis et al., 2013).

2.2.1.3 Cargo sorting

Secretory proteins depart from the ERES, enter the cis face of the Golgi apparatus,
and exit at the TGN to the plasma membrane. Protein and lipid sorting is most likely to occur
at the TGN, whereas it has been demonstrated that cargos can be distributed at the main
Golgi complex in both polarized and non-polarized cells (Beznoussenko et al., 2014; Cao et
al., 2012; Chen et al., 2017; Simons and Fuller, 1985). Cargo adaptors at the TGN can
recognize the sorting signals in the cytoplasmic tail of the secretory protein and recruit coat
proteins, such as clathrin. In polarized epithelial cells, export from the TGN can be
categorized into 2 main directions: basolateral and apical cargo sorting (Di Martino et al.,

2019; Weisz and Rodriguez-Boulan, 2009).
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Basolateral cargo is characterized through cytoplasmic motifs, including tyrosine-
based YXX@, and di-leucine-based (D/E)XXL(L/T) and DXXLL siganls, and is largely a
clathrin-mediated process (Gonzalez and Rodriguez-Boulan, 2009). Transport from TGN to
the endolysosomal compartments involves the adaptor protein 1 (AP-1), AP-3, AP-4 and the
3 Golgi-localized y-adaptin ear homology Arf-binding (GGA) proteins. Cargos with tyrosine-
based signal and di-leucine-based signal (D/E)XXL(L/I) can bind to APs, and the proteins
bearing di-leucine-based signal DXXLL is recognized by GGAs (Janvier et al., 2003; Misra
et al., 2002; Ohno et al., 1995). Through two-color stochastic optical reconstruction
microscopy (STORM), a recent paper demonstrated the TGN- and endosome-localized
adaptors AP-1, AP-3, GGA2 and epsin-related proteins (epsinR) form elongated structures
(over 250 nm in length) at the juxtanuclear Golgi apparatus (Huang et al., 2019). Interestingly,
a fraction of punctae with AP-1, GGA2 and epsinR is spatially segregated from AP-3, and
over 40% of the structures with AP-1/GGA2/epsinR are enriched with clathrin (Huang et al.,
2019).

Figure 6. Segregation of
endolysosomal proteins in the
Golgi complex. (A-D) HeLa cells,
coexpressing  streptavidin—-KDEL
with combinations of the indicated
reporter proteins were fixed 30 min
after the addition of biotin and
imaged by Airyscan microscopy.
(B) Magnified views of box 1 in
figure A. (D) Magnified views of
box 1 in figure C. Scale bar = 1
um. (E) HeLa cells coexpressing
streptavidin—KDEL together with
GGA1-GFP and CD-MPR reporter
proteins were fixed 30 min after the
addition of biotin and imaged by
Airyscan  microscopy.  Arrows
indicate carriers containing GGA1—
GFP. Scale bar =2 um.

20



The trafficking routes between TGN to endolysosomes have been long described for
the transport of lysosomal hydrolases via mannose 6-phosphate receptors (MPR) (Ghosh et
al., 2003). Two types of MPR, the cation-dependent MPR (CD-MPR, 46 kDa) and cation-
independent MPR (CI-MPR, 300 kDa), are both type I transmembrane receptors. Many
soluble lysosomal enzymes, displaying with mannose 6-phosphate glycans, are recognized
and sorted from TGN to endosomes by MPRs, and then released from MPRs due to the acidic
PH in the endosomes (Olson et al., 2008). Another publication also provides an example of
cargo segregation using retention using selective hooks (RUSH) assay. The export of cation-
dependent mannose-6-phosphate receptor (CD-MPR) forms vesicular carriers with clathrin-
associated GGA adaptors, whereas that of transferrin receptor (TfR) and lysosomal-
associated membrane protein 1 (LAMP1) predominantly interacts with AP-2 complex in
tubular carriers (Figure 6). Collectively, these data indicate that cargo adaptors can

cooperatively regulate a specific sorting process at the TGN (Chen et al., 2017).

2.2.1.4 Glycosylation

More than 50% of all the proteins are found glycosylated in eukaryotes and archaea
(Apweiler, 1999; Dell et al., 2010). Glycosylation can be categorized into 4 major classes
according to the chemical linkage and the glycosylated residues of acceptor proteins: N-
linked, O-linked, C-mannosylation and glycosylphosphatidylinositol (GPI) anchors
(Schjoldager et al., 2020). The synthesis and modification of sugar on proteins or lipids can
vary from a single residue or a complex polymer with more than 200 sugars (Figure 7).
Glycosylation serves as a critical feature of many proteins and lipids. In the secretory
pathway, newly synthesized proteins are processed post-translationally by Golgi-resident

enzymes and sorted to their final destinations.
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Figure 7. Main classes of human glycans. Scheme of the key components of the cellular
glycome, highlighting glycosylation types for specific protein classes or protein domains.
N-glycans and most O-glycans are widely found on most protein secretory pathways. The
initial attachment of the first monosaccharide for N-glycosylation determines what proteins
and their positions become glycosylated. Glycan symbols are depicted according to the
Symbol Nomenclature for Glycans (SNFG) format. Sugar repeat units are shown with ‘n’
to indicate the number of repeats. EC: extracellular cadherin, EGF: epidermal growth
factor; Hyl: hydroxylysine; IPT: immunoglobulin-like plexin transcription factor; LDLR:
low-density lipoprotein receptor; NS: non-specific; TSR: thrombospondin type 1 repeat.
(Schjoldager et al., 2020)

Among the 4 glycosylation groups, N-linked glycosylation serves as the most
abundant type (Apweiler, 1999). N-linked glycosylation predominantly occurs at the
asparagine (Asn) residue of the sequons with Asn-X-Ser/Thr, or Asn-X-Cys (rare cases),
where X can be any amino acid except proline (Zielinska et al., 2010). The initiation of N-
linked glycosylation occurs through oligosaccharyltransferase in the ER, transferring a
precursor branched-chain sugar from a specific lipid-linked oligosaccharide,
Glc3Man9GIeNAc2-P-P-dolichol (G3M9-DLO), to an asparagine residue of a protein (Reily
et al., 2019). Synthesis of the precursor G3M9-DLO comprises 7 reactions, in which the key
intermediate Man5GIcNAc2-PP-dolichol (MS5-DLO) is firstly produced from the sugar
donors of UDP-GIcNAc and GDP-Man on the ER cytoplasmic face. M5-DLO is translocated
via scramblase to the ER lumen, where G3M9-DLO is finally generated (Verchére et al.,
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2020) (Figure 8). The modification, including addition or trimming, of the sugars is processed
in the ER and then in Golgi apparatus, which will be discussed in the later section. All N-
linked glycans share a common pentasaccharide core (GIcNAc2Man3), which can be
recognized by lectins, including Concanavalin A (Con A) and Phytohemagglutinin (PHA)
(Cummings and Etzler, 2009).
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Figure 8. Transbilayer movement and synthesis of Glc3Man9GIlcNAc2-PP-dolichol
(G3M9-DLO) in seven steps. The first stage occurs on the ER cytoplasmic side to
generate M5-DLO from UDP-GIcNAc and GDP-mannose. The remaining seven
glycosyltransfer reactions occur in the ER lumen, adding 4 mannose and 3 glucose residues
to generate G3M9-DLO. The movement of M5-DLO from cytosolic face to ER lumen is
facilitated by M5-DLO scramblase. The final step shows the oligosaccharyltransferase
(OST)-mediated transfer of the Gle3Man9GIcNAc2 oligosaccharide from G3M9-DLO to
an asparagine residue within a glycosylation sequon in a nascent protein.

While the biosynthesis of O-glycans can be initiated in the ER, O-linked
glycosylation mainly takes place in the Golgi apparatus. The O-linked glycosylation involves
a monosaccharide linkage of mannose, galactose, fucose, glucose, xylose, or N-
acetylglucosamine, onto the hydroxyl of either serine or threonine. The most prevalent form
of O-linked glycosylation involves N-acetylgalactosamine (GalNAc) (Hang and Bertozzi,
2005). The initial glycan with GalNAc-al- Ser/Thr is named Tn antigen, and can be
elongated to form 8 core structures, which in turn form the mucin-type O-glycans
(Brockhausen et al., 2022) (Figure 9). The transfer of GalNAc residues involves a
glycosyltransferase family of up to 20 kinds of polypeptide GalNAc-transferases (GaINTs),
as well as a series of glycosyltransferases to generate complex O-linked structures. The initial

O-linked glycan chains are processed to form linear or branched O-glycans at Golgi
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apparatus after protein folding (Tuccillo et al., 2014). It is of note that the oligosaccharides on
proteins can increase their physical stability, protect them from proteolytic degradation, and
may serve as a recognition signal with the O-glycan display on the cell surface (Cummings

and Etzler, 2009; Stanley, 2011).

To characterize the protein glycan profiles, considerable efforts have advanced our
understanding of protein glycosylation sites, occupancy, glycan heterogeneity levels,
structures and so on. The analytical approaches include high-performance liquid
chromatography (HPLC), mass spectrometry (MS), capillary electrophoresis (CE), isoelectric
focusing (IEF), etc. With the development of the molecular tools, lectin-based microarray
allows the direct measurement of various glycans in an intact protein, applicable for high
throughput screening (Zhang et al., 2016a; Zhang et al., 2016b). The lectin and toxin ricin,
first identified by Peter Stillmark in 1888, were extracted from the seed of castor bean.
Ricin’s lectin activity causes the agglutination of erythrocytes due to its binding affinity to
terminal B-linked Gal or GalNAc of glycoproteins on the cell surface (Cummings et al., 2022;
Van Damme, 2022). The online database of the Functional Glycomics Gateway
(http://www.functionalglycomics.org/) provides a comprehensive analysis of glycan-binding
proteins, glycan structures, and glycosyltransferases properties. Moreover, taking advantage
of conjugated to fluorescent dyes, membrane trafficking of glycoproteins containing high-
mannose N-glycans has been visualized in the pre-Golgi intermediates and post-ER structures

(Morgan et al., 2013).
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Figure 9. O-GalNAc glycan structures and their synthesis pathways. Glycan symbols
are depicted according to the Symbol Nomenclature for Glycans (SNFG) format.
(Wilkinson and Saldova, 2020)

Biochemical methods to study the intracellular trafficking of glycoproteins were
pioneered by James Rothman in 1980 (Fries and Rothman, 1980). Glycoproteins in the ER or
cis-Golgi acquire the N-glycans with high mannose are susceptible to Endoglycosidase H
(Endo H) activity, as well as peptide N-glycosidase F (PNGase F), a glycoamidase cleaving
the entire sugar chain. Once glycoprotein undergoes glycan modification in the medial- or
trans-Golgi, the complex N-glycan structure becomes Endo H-resistant, but remains sensitive
to PNGase F (Figure 10). EndoH-resistance thus provides the evidence for the transfer of a

glycoprotein from ER to Golgi or post-Golgi compartments.
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Figure 10. Application of Endo H and PNGase F treatment. Glycosylated proteins with
high mannose N-glycans in ER, ERGIC, and cis-Golgi are susceptible to Endo H activity.
The modification of sugar residues in the Golgi apparatus generates more complex glycans,
which become resistant to Endo H treatment. In contrast, glycoproteins with high mannose
or complex N-glycans are both sensitive to PNGase F activity. (Adapted from Stanley,
2011).

2.2.2 Models of intra-Golgi transport

Three major types of intra-Golgi transport mechanisms have been proposed: 1)
vesicle transport, 2) cisternal maturation and 3) rapid partitioning (Figure 11). In the vesicle
transport, the Golgi apparatus is typically viewed as a stable organelle, within which cargo
proteins travel from one cisterna to another through anterograde COPI-coated vesicles. This
model originates from the studies of protein secretion by Jim Jamieson and George Palade in
1967. However, the weakness of the vesicle transport model lies in the fact that rapid intra-
Golgi traffic requires more than hundreds of vesicles per second (Glick and Luini, 2011).
This gives rise to the model of cisternal maturation, proposed by Pierre-Paul Grassé in 1957
(Grasse, 1957). Cisternal maturation model dictates that Golgi cisternae serve as transient
cargo carriers and COPI vesicles continuously recycle the Golgi-resident proteins, such as
glycosylation enzymes, from older to younger cisternae (Glick and Luini, 2011). Alberto
Luini in 1998 demonstrated that large secretory cargoes, such as procollagen type I, only
exist in the Golgi tubule structures (around 300 nm in length) instead of within the vesicles,

which are normally less than 100 nm in diameter (Bonfanti et al., 1998).
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Figure 11. Three models of intra-Golgi transport. (A) Vesicular transport model (B)
Cisternal maturation model and (C) Rapid partitioning model. ERGIC: ER-Golgi
intermediate Compartment, TGN: Trans-Golgi-Network. (Lujan and Campelo, 2021)

Inspired by the finding of cargos exiting from Golgi apparatus at an exponential rate,
the model of rapid partitioning was proposed by measuring the kinetics of temperature-
sensitive VSVG-GFP and GFP-procollagen with inverse FRAP (iFRAP) (Patterson et al.,
2008). Secretory cargos arrive and partition at different cisterna of Golgi apparatus, which
operate as processing and export domains. In consequence, the rapid partitioning model
implies that the cargos exit the Golgi apparatus from all cisternae and not only at the trans-
side as suggested in the other models. Although the data of rapid partitioning model readily
explain the transport of both small and large molecules and intra-Golgi trafficking through
vesicles or tubules, it cannot easily explain how Golgi cisternae forms as discrete
subcompartments and the polarized distribution of Golgi-resident enzymes (Glick and Luini,
2011). In the field, the cisternal maturation is the most accepted model but including some
variations to cope with the requirement of different transport speed depending on the cargo

and the different size of cargos to be transported (Boncompain and Perez, 2013).

27



2.2.3 Proteins localized at Golgi

As mentioned above, the secretory cargoes bud from the ERES in COPII-coated
vesicles and deliver to the Golgi apparatus for further modification and sorting. This process
involves the docking of vesicles and the fusion of membranes, requiring a set of matching
Golgi-localized golgins, SNARE proteins, Rab GTPases and multisubunit tethering
complexes of conserved oligomeric Golgi (COG) and Golgi-associated retrograde protein

(GARP) (Witkos and Lowe, 2017).

2.2.3.1 Golgin Family

Electron microscopy studies showed that proteinaceous components play an important
role in maintaining the Golgi cisternae together as a stacked unit (Franke et al., 1972; Cluett
and Brown, 1992). Most progress in understanding the systematic and quantitative
proteomics data of Golgi membrane fractions has been made in the past 20 years (Bell et al.,
2001; Shin et al., 2020; Yates et al., 2005). Golgins are a family of long coiled-coil proteins
of Golgi apparatus with similar topologies. Each Golgi cisterna is decorated with a distinct
set of golgins via their C-terminus, with GM130 and GMAP-210 at cis-Golgi and golgin-97
and golgin-245 at trans-Golgi in mammals (Gillingham and Munro, 2016) (Figure 12).

GM130 (a.k.a. golgin-95) was the first component of the Golgi matrix purified and
identified (Fritzler et al., 1993). GM130 is localized to the cis-Golgi due to its interaction
with Golgi reassembly stacking protein 65 (GRASP65) (Barr et al., 1997). Knockdown of
GM130 via siRNA treatment induces the fragmentation of the Golgi complex and aberrant
sialylation of glycans, detected by GS-II lectin (Puthenveedu et al., 2006). GM130 can also
bind to the C-terminal of the vesicle docking protein p115 and Rabl (Nakamura et al., 1997).
The activation of Rabl is required for the recruitment of p115 onto the COPII-coated budding
vesicles (Moyer et al., 2001). Depletion of GM130 or GMAP-210 also reduced the trafficking

of temperature sensitive VSVG to the plasma membrane (Roboti et al., 2015).
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Figure 12. Different golgins and tethering complexes in the distinct regions of Golgi
apparatus. The golgins are long, coiled-coil proteins, extending from the Golgi surface.
They differ in localization and tethering specificity, with golgins at the cis-Golgi capturing
ER- and ERGIC- derived vesicles, whereas golgins localized to cisternal rims capturing
intra-Golgi transport vesicles, and trans-Golgi golgins capturing endosome-derived carriers.
The COG complex consists of two lobes: lobe A (Cogl—4) predominantly associated with
Golgi membranes, and lobe B (Cog5-8), which is found on vesicles. The GARP complex is
composed of four subunits (Vps51-54) and contributes to tethering of vesicles at the trans-
Golgi, but the mechanisms remain poorly defined.
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The largest golgin in mammalian cells, Giantin (Golgin B1; 370 kDa), is localized to
Golgi rims via its short transmembrane domain, with no N-terminal extension in the Golgi
lumen. Giantin plays a role in the maintenance of Golgi structures and regulates intra-Golgi
and retrograde transport, through the binding of p115 on COPI-coated vesicles (Koreishi et
al., 2013; Linstedt et al., 2000; Sonnichsen et al., 1998). Another vesicle population with
golgin-84 and CASP, can also mediate the docking of COPI-coated vesicles to the Golgi
membrane, enriched with Golgi-resident enzymes, whereas pl15-golgin tethered vesicles
shows the presence of p24 family and putative cargo receptors (Malsam et al., 2005). Taken
together, the data indicated the golgin tethers define the subpopulations of intra-Golgi
transport and further facilitate the cargo sorting in a selective manner. Studies in rats and in
zebrafish have demonstrated the role of Giantin in the development of bones and cartilage

(Katayama et al., 2011; Stevenson et al., 2021; Wong and Munro, 2014).

2.2.3.2 COG Family

Conserved oligomeric Golgi (COG) complex is evolutionarily conserved in
vertebrates, important for proper Golgi structure and protein sorting and glycosylation
enzyme recycling (Blackburn et al., 2019; Quental et al., 2010; Ungar et al., 2002). COG
complex is made up of 8-subunit peripheral membrane proteins, which can be subdivided into
2 lobes, lobe A (COG1-4) and lobe B (COG5-8). Putative model of lobe A and B assembly
is proposed through electron microscopy, revealing the preferential attachment of lobe A to
the Golgi membrane, and lobe B to the vesicles (Willett et al., 2016) (Figure 13). Firstly
illustrated in 2004, malfunctions in the COG complex result in COG-specific type II
congenital disorders of glycosylation (CDG), including mis-glycosylated N-linked or O-
linked glycoproteins and glycolipids (Climer et al., 2015; Wu et al., 2004). It is of note that
the functional interaction of the COG complex with SNAREs and Rabs plays an important
role in vesicle tethering and docking. The interactome of COG-SNAREs and COG-Rabs have
been screened through yeast two-hybrid or pull-down assays, and reviews have shown that
COG subunits interact with 14 of Golgi-localized SNAREs (e.g. STXS5, STX6, STX16, GS27,
SNAP29, etc) and with 12 of Rab proteins (e.g. Rabl, Rab2a, Rab4a, Rab6, Rab10, Rabl14,
Rab30, Rab36, Rab39, Rab 41, etc) (Willett et al., 2013). Recent development from the lab of
V. Lupashin aims at depleting one subunit of the COG complex (namely COG4) in an acute
way to investigate primary effects on COG-dependent vesicles both at the level of the cargo

and of the molecular machineries associated with these vesicles (Sumya et al., 2022). Their
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results demonstrate that the depletion of COG significantly causes the relocalization of Golgi

SNARES, and redistribution of Golgi-resident enzymes into COG-dependent vesicles.
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Figure 13. Putative model of lobe A (COG1-4) and lobe B (COGS5-8) interaction with
other components (such as SNAREs and Rabs) of vesicle fusion machinery during
vesicle tethering. (Blackburn et al., 2019)

2.2.3.3 Rab proteins

The Rab proteins belong to the largest family of small GTPases, with more than 60
members identified in mammals (Klopper et al., 2012). Rab proteins possess a GTPase fold
with 6-stranded B-sheet flanked by 5 a-helices, which is commonly seen in all the members
of Ras superfamily (Pfeffer, 2005). Rab proteins cycle between membrane GTP-bound
(active) and cytosolic GDP-bound (inactive) forms, which allows them to recruit the effector
proteins (e.g. motor proteins, SNAREs, cytoskeleton regulators, etc.) to specific membrane
compartments, and in turn to facilitate the vesicle fusion, formation and transport (Homma et
al., 2021; Hutagalung and Novick, 2011) (Figure 14). Among the Rab protein members, Rabl,
Rab2, Rab6, Rab18, Rab33, Rab41 and Rab43 are involved in the maintenance of Golgi
complex and pre-Golgi protein transport, as well as Rab3, Rab7, Rab8, Rab9, Rab10, Rabl1,
Rabl13, Rab14, Rab21, Rab22, Rab31, Rab29, Rab39 in the morphology of TGN and post-
Golgi trafficking (Goud et al., 2018).
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Figure 14. Overview of Rab functions and distribution in the cell. Distinct rab GTPases
are localized in different membrane compartments to regulate specific membrane
trafficking pathways (Zhen and Stenmark, 2015).

Rabl and Rab2 both serve as key regulators of vesicular transport between ER and
Golgi apparatus. Rabl has been extensively studied for its association with ERGIC-53/p58
positive membranes of ER—Golgi intermediate compartment (Saraste et al., 1995). The
recruitment of Rabl, together with its GEF — TRAPP I, facilitates the interaction of Rabl,
GM130, cytoplasmic protein pl115 and GRASP65, which leads to the fusion of COPII-coated
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vesicles in the cis-Golgi face (Moyer et al., 2001). It is of note that Rabl1 is involved in the
intra-Golgi trafficking and COPI-dependent retrograde transport, through its association with
GBF1, the GEF of Arfl (Plutner et al., 1991; Monetta et al., 2007). In addition, Rab2 shares
many of the same effector complexes as Rabl, such as GM130, pl115 and GMAP-210, as
well as GRASPSS, in the ER—Golgi intermediate compartment and cis-Golgi membrane
(Saraste, 2016; Short et al., 2001). Evidence has also shown that Rab2 stimulates the
recruitment of COPI in a PKC-dependent manner (Tisdale, 2003). Taken together, these data
reveal the pivotal role of Rab1 and Rab2 in the bi-directional transport between ER and Golgi.

2.2.3.4 Glycosylation enzymes

Based on the similarities of amino acid sequences or catalytic activity, the
Carbohydrate-Active Enzyme (CAZy) database describes 173 glycoside hydrolases (GHs)
families, 115 glycosyltransferases (GTs) families, 42 polysaccharide lyases (PLs) families, 20
carbohydrate esterases (CEs) families and 17 auxiliary activities (AAs) families
(http://www.cazy.org/). In mammals, the Golgi apparatus is home to hundreds of GTs,
glycosidases and nucleotide sugar transporters. Most of the GTs are type Il integral proteins,
and share a common architecture, consisting of a short cytoplasmic N-terminal domain, a
single-pass transmembrane domain (TMD) and a C-terminal catalytic region in the lumen.
These glycosylation enzymes have a non-uniform distribution in the Golgi cisternae. The
relative position of the enzymes at steady state often reflects a series of sequential reactions

in glycan synthesis (Figure 15).
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Figure 15. Schematic representation of N-glycan biosynthesis reaction in the secretory
pathway. The initiation of N-linked glycosylation occurs in the ER with the transfer of a
lipid-glycan precursor by oligosaccharyltransferase (OST). The following modification,
including addition or trimming, of the sugars is later moved in the Golgi apparatus by a-
mannosidase I and II (a-Man I and II), GalNAc-transferase -1V (GaINT-I-1V), 1,4
galactosyltransferases ~ (B4GalTl), o02,3-sialyltransferase  (02,3-ST) and 02,6
sialyltransferase (02,6 ST) in a cis-to-trans distribution (Reily et al., 2019).
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2.2.3.4.1 Functions of glycosylation enzymes

N-linked glycosylation is initiated by the transfer of a lipid-glycan precursor en bloc
by oligosaccharyltransferase (OST), and is then processed for further modifications of
glycans in the Golgi apparatus. In the 1970s, a-mannosidase II (Manll) was firstly identified
in the fractions of Golgi membranes from the rat liver (Dewald et al., 1973; Tulsiani and
Touster, 1985). Mannosidases are glycosyl hydrolases and can catalyze the removal of both
1,3-linked and 1,6-linked mannoses, which acts as the first committed step for the formation
of complex N-glycans (Shah et al., 2008). Regulation of complex glycan structures by ManlI
contributes to protein folding, maturation and promotes the protein degradation through the

proteasome pathway (Demaretz et al., 2021).

Among the seven members of -1, 4-galactosyltransferase gene (B4GALT) family,
B4GalT1 is the first enzyme to be identified and characterized, residing in the trans-Golgi
cisternae and TGN (Roth and Berger, 1982; Nilsson et al. 1993). In some cell types, B4GalT1
is localized to the plasma membrane, where it acts as a receptor for oligosaccharide ligands in
the extracellular matrix and plays an essential role in sperm-egg recognition (Hathaway et al.,
2003; Shur and Hall, 1982; Youakim et al., 1994). Numerous other Golgi-resident proteins
are also identified on the cell surface or secreted into extracellular spaces, with many of
which remain incompletely understood (Uhlén et al., 2019). A recent paper reveals that the
intramembrane protease SPPL3 predominantly contributes to the proteolysis and secretion of
distinct Golgi-resident enzymes, including B4GALT1, GalNT2 and ManlA1, which are also
present in human plasma (Hobohm et al., 2022).

2.2.3.4.2 Localization of glycosylation enzymes

Golgi-resident GTs are type II transmembrane proteins, sharing a common topology
with a short cytosolic N-tail, a TMD, a luminal stem region and C-terminus. Despite these
common structural domains, GTs show very little sequence homology at the level of the
amino acid sequence. The TMD length (16-22 hydrophobic aa) is crucial for the localization
of Golgi-resident enzymes (Munro, 1991). The plasma membrane is thought to be thicker
than ER and Golgi in fungi and vertebrates, supported by the electron microscopy data, and
consequently the TMD length of membrane proteins is longer for later compartments of
secretory pathway than for the ER (Mitra et al., 2004; Sharpe et al., 2010; Welch and Munro,
2019). Increasing the TMD length of ST6Gall from 17 aa to 23 aa leucines alters the
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localization from Golgi to plasma membrane, supporting the so-called “bilayer thickness

model” (Munro, 1995) (Figure 16A).

A second model for GT retention is based on the observation of homo-/hetero-
/oligomerization of Golgi-resident enzymes, which prevented their entry into vesicle
trafficking and could be in turn retained in the certain Golgi cisternae, due to their large
complex sizes (Banfield, 2011; Machamer, 1991) (Figure 16F). In this kin-recognition model,
the best example is the association of Manll and GaINT1 through their stem region in the
lumen (Nilsson et al., 1994). Another example is observed in the trimeric complex of
B4GalTl1-Sialyltransferase1 (ST1)-ST2, involved in the early biosynthetic pathway of
ganglioside precursors. Interestingly, ST1 is required for the association of B4GalT1-ST2,
suggesting that the maturation of glycolipid is dependent on particular glycosyltransferases in

distinct regions (Giraudo and Maccioni, 2003).

Interestingly, 13 aa extension at the N-terminal cytoplasmic tail of B4GalTl long
isoform (398 aa) contributes to its expression on the plasma membrane, resulting from
differential transcription initiation (Lopez et al., 1991). Chimeric constructs with the long
cytoplasmic tail of B4GalT1 with transmembrane target a reporter to the plasma membrane,
whereas the short form is restricted to the trans-Golgi (Russo et al., 1992; Hathaway et al.,
2003). Another study also showed that the 6 amino acid cytoplasmic tail of B3GalT1 alone
was localized at Golgi (Milland et al., 2002). However, with the chimeric form of B4GalT1
cytoplasmic tail with ER-resident human invariant chain (Ii), the cytoplasmic tail of B4GalT1
alone was not sufficient to retain the hybrid protein in the Golgi (Nilsson et al., 1991). A
more recent study demonstrated that the length of the N-terminal cytosolic tail and the
transmembrane domain of ST negatively affects Golgi retention, and that the C-terminus of

ST is sufficient to contribute to the Golgi retention (Sun et al., 2021).
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Figure 16. The molecular mechanisms of protein sorting and retention at the Golgi
complex. Schematic representation of the reviewed mechanisms of protein sorting and
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partitioning. Secretory cargoes with longer TMDs (with >17 aa; in blue) segregate from
Golgi-resident enzymes with shorter TMDs (<17 aa; in orange). (B) Lipid-composition-
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based partitioning. The cartoon shows how the amino acid composition of a protein’s TMD
drives the segregation into the matching membrane regions. (C) GOLPH3/Vps74-mediated
sorting. GOLPH3 (in green) binds PI4P (in pink) at the trans-Golgi membranes, interacting
with the cytosolic tail of TM proteins (in red and blue), with the COPI coat (in beige),
and/or with the actin (in red laments) through MYOI18A (in light blue). (D) Adaptor-
mediated secretory protein (in blue) sorting with clathrin coat (in green), SPG11 and
SPGI5 coat (in blue) and with Arfl (in pink). (E) Protein aggregation mechanisms. The
aggregation of GPI (in black)-APs (in blue) induces partitioning into lipid rafts (blue
membrane). Galectins (in green) cause protein aggregation by bridging the protein’s
luminal domains (in blue) by their N- and O-glycosylation motifs (in black). (F) The kin-
recognition model. The oligomerization of Golgi-resident proteins (in orange) acts as a
steric impediment that prevents their loading into transport carriers. (G) S-palmitoylated
TM proteins (TMD in blue, palmitoylation in black) preferentially partition into the highly
curved rims of the Golgi cisternae for sorting and export. (H) The cytoplasmic domain of
SNARESs (in green) switches between an open (left) and a closed (right) conformation to
interact with coat complexes (COPI, COPII, or clathrin). (I) The exomer (in green) is an
adaptor protein complex that selects cargoes (in blue) for their trafficking to the PM. Each
exomer binds two Arfl (in pink) through Chs5p monomers. (J) Protein receptors Rerl (in
green) interact with TM clients (in orange) by their TMDs for protein sorting. (K) Direct
interaction of some cis-Golgi-resident enzymes (in orange) with the COPI coatomer (in
beige). The interaction is mediated by the cytosolic tail of the enzyme. (Lujan and
Campelo, 2021)

3. Retrograde transport from the Golgi apparatus to the Endoplasmic Reticulum

In the protein secretory pathway, the biogenesis of proteins starts at the ER and
requires delivery of these proteins to their final destinations within or outside of the cell by
antegrade trafficking processes. During this process, the Golgi apparatus serves as a central
hub to accommodate not only the cargoes but also the glycosylation enzymes. Golgi-to-ER
retrograde transport is of importance to ensure the stable localization of the ER- or Golgi-
resident proteins, to control the quality and function of Golgi-localized enzymes, and
maintain lipid composition and components, which may be reused for further rounds of

transport.

3.1 Treatment of nocodazole and brefeldin A (BFA)

How the Golgi complex maintains its structure and homeostasis through retrograde
transport has been under debate since the 1980s. Nocodazole is a synthetic tubulin-binding
agent, which can lead to the microtubule disassembly as well as the formation of Golgi
ministacks (lida and Shibata, 1991). In support of glycosylation enzyme recycling, one of the
first evidence indicated that GalT redistributed at a slow but continuous flux to the same

peripheral sites as ERGIC-53, upon nocodazole treatment. Cycloheximide, a protein
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synthesis inhibitor, was present together with the nocodazole treatment, suggesting this

observation was not due to the newly synthesized proteins (Cole et al., 1996).

Another common approach is antiviral antibiotic brefeldin A (BFA), which can block
the ER-Golgi transport and the disassembly of the Golgi apparatus (Fujiwara et al., 1988).
Studies have indicated that GBF1 acts as a key target of BFA, inducing the binding of Arfl in
the cis-Golgi as well as Arf4/5 and BIG1/2 in the TGN, facilitating the the recruitment of
COPI in the early Golgi comparements as well as clathrin-dependent coats at TGN (Lowery
et al., 2013; Niu et al., 2005). The effects of BFA leads to a rapid re-localization of ManlIIl
from Golgi to ER through immunofluorescence staining and accumulates the chimeric
proteins of VSVGtsO45-TGN38 in the ER upon temperature shift (Cole et al., 1998;
Lippincott-Schwartz et al., 1989).

3.2 Microinjection of a dominant-negative mutant of Sar1

Studies from the Warren’s laboratory did not support the recycling of Golgi-resident
proteins, acetylglucosaminyltransferase I, or giantin in a nocodazole-treated model for Golgi
mini-stacks (Shima et al., 1998). In contrast, microinjection of a dominant-negative mutant of
Sarl (H79G), which inhibits the recruitment of COPII complex onto ER membranes, triggers
the gradual redistribution of GaINT2 from the Golgi complex to the ER over 3 hours (Storrie
et al., 1998). Using photobleaching and FRAP measurements, the mean rate for Golgi-to-ER
retrograde movement of B4GalTl was estimated at 3.6% per minute, supporting the
underlying recycling pathway of Golgi-resident enzymes (Sengupta and Lippincott-Schwartz,
2013).

3.3 Manipulation of ER trapping assay

To eliminate the non-specific effect of drug treatment, a modified chemically induced
dimerization (CID) system was applied to test if Golgi-resident enzymes recycled through the
ER. This rapamycin-induced system used the ER-retained protein Ii attached to FRB (e.g. Ii-
FRB) and FKBP12-tagged Golgi enzymes or the ER-Golgi recycling protein ERGIC-53
(Pecot and Malhotra, 2006). Despite rapid recycling of FKBP12-ERGIC-53 through the ER,
FKBP12 fused to the Golgi-resident enzymes remain stably located in the Golgi upon the
treatment of rapamycin. This result may be due to the competition between the endogenous
FKBP13 and FKBP12-tagged with Golgi enzyme, and thus inhibits the binding of FRB in the
ER (Sengupta et al., 2015).
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The ER-trap assay was then modified to utilize 2 plasmids of [i-FKBP12 (e.g. Ii-
FKBP12) and FRB-tagged Golgi enzymes (e.g. Manll-FRB), which reside in the ER and
Golgi respectively. In presence of rapamycin, the robust trapping of Golgi-resident protein in
the ER could be observed without changing the Golgi structural integrity, confirmed by the
steady-state distribution of endogenous BCOP, Manll and B4GalT1 (Sengupta et al., 2015).
These results implied that using [i-FRB in the previous work may have underestimated the
extent of Golgi-to-ER retrograde transport. With this modified method, it is now possible to
detect the continuous recycling of Golgi enzymes back to the ER in real-time, paving the way

for further exploration of mechanistic insights in retrograde transport.

3.4 Mechanisms of Golgi-to-ER transport
3.4.1 COPI-dependent retrograde transport
3.4.1.1 Retrograde transport for type I proteins

Resident soluble and transmembrane proteins undergo the processes of retention and
retrieval to secure their stable distribution in the ER or Golgi, which requires the capture of
the escaped ER proteins and the Golgi-to-ER retrograde transport. The cisternal maturation
model of cargo transport through the Golgi apparatus implies that the Golgi-resident enzymes
are continuously retrieved back from the trans- to cis- cisternae to ensure identity of the Golgi
cisternae. Single-pass transmembrane proteins can be categorized into two main subtypes:
Type I protein with luminal N-terminus and cytosolic C-terminus; Type II protein with
cytosolic N-terminus and luminal C-terminus. Studies have demonstrated that Golgi-to-ER
retrieval of type I transmembrane proteins bind to COPI-coated vesicles through direct
interaction with their cytosolic C-terminal di-lysine motifs (KKXX or KXKXX), a canonical
signal for ER retention (Jackson et al., 1990; Nilsson et al., 1989) (Figure 17A). The crystal
structures of o-COP and B-COP demonstrate the dilysine-motif recognition (Ma and
Goldberg, 2013). Another class of ER-retrieval signal, bi-arginine internal motif (§RXR) or
FFXXBB-based motifs, has been shown on the cytosolic domains of distinct ion channels and
receptors (Gassmann et al., 2005; Zerangue et al., 1999) (Figure 17A). These ER-
retention/retrieval motifs serve a key role in COPI-dependent cargo recognition, which in
turn regulates the targeted protein functions and their expression levels on the cell surface

(Arakel and Schwappach, 2018) (Figure 17B).
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Figure 17. Schematic representation of typel protein and model of COPI-mediated
pathway. (A) Type I transmembrane proteins share common cytosolic motifs for ER
retention. Left: bi-arginine internal motif (such as RXR or FFXXBB-based motifs). Right:
di-lysine motifs (such as KKXX or KXKXX). (B) Model of COPI-mediated retrograde
transport. COPII-coated vesicles carry the anterograde cargoes and COPI-coated vesicles
carry the retrograde cargoes. Some retrograde cargoes with dilysine-based motifs (e.g.
KKXX) will be integrated into the COPI-coated vesicle through direct interaction with
COPIL. Other soluble cargoes containing KDEL will be captured by the KDEL receptor, and
then recycled back to the ER. (Gaynor et al., 1998; Shikano and Li, 2003)

3.4.1.2 Retrograde transport for soluble cargoes containing H/ KDEL sequences

In the 1990s, 2 genes encoded ER retention-defective 1 (ERDI1) and ERD2 were
firstly discovered in yeast, mediating the retention of soluble proteins in the ER (Hardwick et
al., 1990; Semenza et al., 1990). Later in humans, 3 human KDEL receptors, ERD21, ERD22
and ERD23 were identified experimentally, whereas little is known about the functional role
of ERD23 involved in the secretory pathway (Lewis and Pelham, 1990; Lewis and Pelham,
1992). The amino acid sequences among the 3 KDELR showed nearly identical (>90%),
whereas the mRNA expression levels of ERD22 (~200%) is significantly higher than that of
ERD21, and ERD23 (~5%), quantified relative to ERD21 (100%) in Hela cells (Raykhel et
al., 2007). Systematic examinations also revealed that ERD21 favors KDEL-motif over
HDEL-motif, and ERD23 prefers HDEL-motif over KDEL-motif, for which KDEL-motif

and HDEL-motif are the most common ER-retrieval signal in all human soluble proteins.
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Soluble proteins, such as ER-resident chaperones (e.g. GRP78, GRP94, PDI, etc.),
bear the C-terminal luminal KDEL motif in mammals. The crystal structure of chicken
KDELRs reveals the 7 transmembrane domains of KDELRs undergo a pH-dependent
conformational switches upon the binding of KDEL sequences (Bréuer et al., 2019; Wu et al.,
2020). The change of conformation of KDELR induced by the binding of KDEL exposes a
di-lysine motif which enables direct binding to COPI. The stable complex of KDELR with its
ligand favors the acidic environment in the Golgi (pH=6.2), and the dissociation of the
complex can be achieved in the ER (pH=7.2-7.4), promoting the protein retrieval from Golgi
apparatus back to ER (Wilson et al., 1993).

Upon binding of KDEL motif to KDELR, KDELR can be phosphorylated by protein
kinase A (PKA), which recruits the COPI complex, and ultimately promotes the Golgi-to-ER
retrograde transport along with the cargos (Cancino et al., 2014). Moreover, a study also
indicated that the binding of KDELR with its ligand, in a GPCR-like fashion, activated a pool
of Golgi Gag/11 proteins and Src kinases, which consequently modulates the intra-Golgi
transport and maintains the Golgi homeostasis (Giannotta et al., 2012; Pulvirenti et al., 2008).
Interestingly, a report has indicated that the complex of myc-TGN38 and anti-myc antibody
conjugated with terminal KDEL-motif can together be internalized and recycled from the cell
surface to ER, and further processed to N-linked glycosylation (Miesenbock and Rothman,
1995). This experiment also implied the localization of KDELR in the post-Golgi or TGN.
Additionally, recent studies have shown a small fraction of KDELRI also localizes on the
cell surface as a membrane receptor for mesencephalic astrocyte-derived neurotrophic factor,
and the KDELRs cycle between plasma membrane and Golgi via clathrin-dependent pathway
(Becker et al., 2016; Jia et al., 2021).

3.4.1.3 Retrograde transport for glycosylation enzymes

Glycosylation enzymes are type Il transmembrane proteins, lacking canonical signal
for interaction with COPI subunits. However, more evidence has indicated that Golgi
glycosylation enzymes are continuously recycled from Golgi back to ER, with the
involvement of COPI-coated vesicles (Cole et al., 1998; Lippincott-Schwartz et al., 1989). A
recent study demonstrated direct binding of the cytoplasmic tail of some cis-Golgi resident
glycosylation enzymes, including GalNAc-1-phosphotransferase, C2GNT1, GALNT3 and
GALNTS, with the & and ( subunits of COPI (Liu et al., 2018). Studies performed in yeast

have demonstrated the role of Vps74 in the retention of glycosyltransferases in the Golgi
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apparatus (Tu et al., 2008). It has been reported that Golgi phosphoprotein 3 (Golph3), the
mammalian homolog of Vps74, supports the incorporation of some Golgi enzymes into COPI
vesicles (Eckert et al., 2014) (Figure 16C). Knockdown of Golph3 suppressed the expression
of ST6GAL1 and B4GalT5, lowered the levels of N-glycosylation and in turn blocked the
cell migration and cell growth (Isaji et al, 2014; Rizzo et al., 2021). However, Golph3 is not
required for incorporation of GalNAc-1-phosphotransferase and C2GNT1 into B-COP
vesicles (Liu et al., 2018). A recent report revealed that both Golph3 and Golph3L, a
paralogue of Golph3, are broad-spectrum cargo adaptors for numerous Golgi-resident
proteins docking to the COPI-coated vesicles, with 102 out of 249 proteins (41%) of COPI
proteome identified (Welch et al., 2021).

To achieve membrane trafficking, vesicle docking and membrane fusion also require
the physical and functional interaction of COG complex with a set of Golgi-localized golgins,
SNARE proteins, and so on. Multiple approaches, such as knockout (KO), knockdown (KD)
and knock-sideways, have been performed to elucidate the detailed functions of COGs
(Bailey Blackburn et al., 2016; Blackburn and Lupashin, 2016; Zolov and Lupashin, 2005;
Willett et al., 2014). The depletion of COG subunits causes a massive accumulation of COG
complex-dependent vesicles, malglycosylation of N- and O-linked glycans and
mislocalization or degradation of Golgi-resident glycosylation enzymes, such as Manll,
B4GalTl1, B3GalT2, ST3Gall and GalNT1 (Foulquier, 2009; Shestakova et al., 2007). By
means of auxin-inducible degron (AID) system, a recent report shows the acute depletion of
COG4 significantly displaces the COGI, COG3 and COGS8 complex, decreases the
localization of - and y-COP, and in turn affects the expression and localization of MGAT1

and B4GalT1 (Sumya et al., 2022).

3.4.2 Rab6-dependent retrograde transport

Rabé6-dependent retrograde transport has also been observed, a pathway which can be
hijacked by ricin or Shiga toxin (Fuchs et al., 2007; Utskarpen et al., 2006). Rab6 is enriched
on post-Golgi compartments, facilitating the intra-Golgi as well as recycling endosomes-to-
TGN transport (Martinez et al., 1994; Mallard et al., 2002). It has been documented the
existence of two Rab6 isoforms, Rab6A and Rab6A’, which only differ in 3 amino acid
residues in the GTP-binding domains (Echard et al., 2000). 2 isoforms also show the
functional differences, with Rab6A involved in the Golgi-to-ER transport and Rab6A’ in the

endosome-to-trans-Golgi pathway. Pioneering work revealed that Golgi enzymes rely on
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Rab6 GTPase to return back to the ER, using tubules rather than vesicles (Girod et al., 1999;
White et al., 1999). In spite of this COPI-independent pathway in the late 1990s, it remains
relatively uncharacterized with only a handful of coordinated molecules. The Rab6-mediated
tubulation is initiated through membrane curvature, to which the lipid composition may
contribute. The presence of lysophospholipid in the Golgi yields a positive curvature in the
membranes, depending on the activities of opposing lipid-modifying enzymes, phospholipase
A (PLA) and lysophospholipid acyltransferase (LPAT) (Yang et al., 2011). It is hypothesized
that the balance of these two enzyme activities at the Golgi membranes determine whether to
undergo the COPI-dependent vesicular transport or COPI-independant tubular transport. If
LPAT shows lower activities than PLA, which generates lysophospholipid through the
hydrolysis of phospholipids, the loss of phospholipid would then decrease the tubule lengths

and the retraction of Golgi membrane (Heffernan and Simpson, 2014).

Rab6-dependent tubulation also depends on the dynein-dynactin motor complex,
linked with the cargo and the associated membrane with cytoskeleton. Both Rab6A and
Rab6A’ isoforms can specifically interact with dynein light chain roadblock type 1
(DYNLRBI), colocalized at the Golgi complex with Rab6 (Wanschers et al., 2008). Dynactin
can also bind to both Rab6A isoforms and be recruited to the Golgi membranes, together with
the dynactin subunit p150-glued and p50-dynamitin (Short et al., 2002). These studies have
also implicated the a-helical coiled-coil homodimer protein, Bicaudal-D (BICD), as another
effector of the dynein—dynactin motor complex. BICD is highly conserved across species,
such as Drosophila melanogaster and Caenorhabditis elegans, and serves as an important
role during oogenesis (Mach and Lehmann, 1997). Two homologues in mammals, BICD1
and BICD2 colocalized with Rab6A as well as the dynein—dynactin complex on the trans-
Golgi network and on the vesicles in the cytoplasm (Matanis et al., 2002; Short et al., 2002).
The N-terminus of BICD can interact with cytoplasmic dynein, and the C-terminus of BICD
binds to Rab6, together bridging the Golgi membranes and the motor complex and
controlling the COPI-independent Golgi-to-ER transport (Hoogenraad, 2001; Matsuto et al.,
2015).

Aside from the effects of Rab6 on the microtubule formation, it is worth considering
how myosin motor proteins may participate in the retrograde transport. A conventional
myosin, myosin I, can associate with the TGN membrane during the vesicle budding process

(Stow et al., 1998). Treatment of myosin light chain kinase inhibitor, ML7, impairs BFA-
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induced Golgi assembly, and the inhibition of actin ADP ribosylation through C2 toxin
interrupts the arrival of Shiga toxin B subunit to the ER (Durén et al., 2003; Valderrama et al.,
2001). However, since myosin II is not seen as a Golgi-resident protein, the precise
mechanism and the functional role of myosin II in the retrograde transport remains unclear. A
previous study showed that the formation of Rab6-myosinll complex contributes to their
Golgi localization and the fission of Rab6-positive vesicles. It is of note that Rab6-myosinll
complex is required for the anterograde transport of VSVGtsO45 to the plasma membrane

and the Golgi-to-ER retrograde transport of Shiga toxin B (Miserey-Lenkei et al., 2010).

One of the first published studies showed that the Golgi-to-ER retrieval of ERGIC-53
and KDEL receptor, but not that of Shiga toxin B, is impaired with the micro-injection of
anti-COPI antibodies (Girod et al., 1999). Overexpression of GTP-Rab6A and Rab6A’
isoforms can both enhance the microtubule-dependent Golgi-to-ER recycling of Manll and
B4GalT1 enzymes, whereas the GDP-Rab6A isoforms inhibit the ER redistribution of Golgi-
resident enzymes in response to hypotonic stress (Jiang and Storrie, 2005; Young et al., 2005).
To shed light on the Golgi-to-ER retrograde transport in real-time, the ER-trapping assay has
been performed as mentioned previously. During the investigation of rapamycin-induced
Golgi enzyme recycling back to the ER, long Golgi tubules, enriched with ST-FRB-EGFP,
could be observed extending off the perinuclear Golgi and then breaking off from the tips
(Sengupta et al., 2015). However, in presence of GDP-Rab6A, Man II-FRB-Venus remained
concentrated in the compact Golgi complex upon the rapamycin treatment. Taken together,
these results suggest that the activity of Rab6a is required for the ER redistribution of Golgi

enzymes.

3.4.3 GALNTS activation (GALA) pathway

As discussed previously, KDELR can serve as not only a cargo receptor to capture the
escaped ER-resident proteins in the Golgi complex, but also a signaling receptor in a GPCR-
like fashion to activate a pool of Golgi Gag/11 proteins and Src kinases (Giannotta et al.,
2012; Pulvirenti et al., 2008). Src have major effects on Golgi structure, the activation of
downstream dynamin 2, and the relocation of KDELR (Bard et al., 2003; Weller et al., 2010).
In the GALA pathway, Src activation induces the Golgi-to-ER redistribution of GalNAc
transferases (e.g. GALNT1) in tubular transport carriers, then significantly enhances the O-
glycosylation, and in turn increases the levels of the Thomsen—Friedenreich antigen (Tn),

which can be measured via HPL and VVL lectin staining (Gill et al., 2010). It was proposed
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that the Golgi-to-ER transport of GalNTs is driven by the Src kinase and can be negatively
regulated by ERKS8 (Chia et al., 2019). The relocation of GALNTSs can be induced by the
growth factors, EGF and PDGF, or by the treatment of imidazole, consistent with the
previous findings (Thomas and Brugge, 1997; Qiao et al., 2006)

The GALA pathway is highly involved in tumor development and metastasis,
including breast, lung and liver cancers (Nguyen et al., 2017; Ros et al., 2020). However, the
detailed mechanistic model of the GALA pathway remains unclear. A recent paper reveals
that Src activation results in the increased levels of Arfl-GTP onto Golgi membranes, which
is driven by GBF1 recruitment (Chia et al., 2021) (Figure 18). Interestingly, the activation of
Src kinase does not drive the recruitment of B-COP onto the Golgi membranes in the early
stage of GALA pathway (around 20 mins treatment of imidazole) (Chia et al., 2021). It has
been demonstrated that Arfl is also involved in the formation of tubular carriers, with around
3 pum in length and 110 nm in diameter, on which are largely free of COPI complex and
clathrin (Bottanelli et al., 2017). This may explain that COPI may not participate in the
GalINT relocation upon Src activation. However, Src activation mediates the redistribution f3-
COP and y-COP from the Golgi apparatus into the punctate structure containing GalNT]I,
after 4 hours of EGF treatment (Gill et al., 2010). Further investigation is still required to

confirm the key regulator in the formation of transport carriers.
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Figure 18. A model of Src-induced Golgi-to-ER retrograde trafficking of GalNT
enzymes (GALA pathway). Under normal conditions, the interaction of GBFI1-Arf is
limited and retrograde transport is moderate with GalNTs predominantly localized to the
Golgi apparatus (shown on the left). Upon Src activation, GBF1 is phosphorylated (Step 1),
leading to increased affinity of Arf-GDP on Golgi membranes (Step 2). GalNTs are
selectively relocated to the ER through the formation of Golgi tubules (Step 3). This
increases the efficiency of O-glycosylation onto the ER-resident substrates (Step 4). (Chia
et al., 2021)



3.4.4 Glycosylation malfunction in health and disease
3.4.4.1 N-glycans in cancer progression

Dysregulation of glycosylation has been implicated in multiple human diseases, such
as congenital disorders of glycosylation (CDG) as well as auto-immune, infectious diseases
and cancer. Studies demonstrated that the glycosylation pattern is widely used as a biomarker
in various malignant cancers (Pinho and Reis, 2015). Colon and pancreatic cancer display
elevated levels of sialyl-Lewis antigens (SLn) due to the up-regulation of several
sialyltransferases (ST), including ST6GAL1, ST3GAL3 and ST3GAL4 and in turn led to
poor prognosis and low survival rates in cancer patients (Nakayama et al., 1995; Chakraborty
et al., 2018; Perez-Garay et al., 2013) (Figure 19). Enhanced expression of ST6Gall is also
associated with pro-survival signaling pathways through the inhibition of FAS ligand-induced
apoptosis (Britain et al., 2018) (Figure 19, B). The increased levels of sialylation on EGFR
promote its activation and protect the anticancer drug gefitinib-mediated cell death (Swindall
and Bellis, 2011) (Figure 19, C). Another type of glycan signature, Thomsen—Friedenreich
antigen (Tn), can also be detected at high expression in most carcinomas, such as bladder,
ovarian and breast cancer. Studies demonstrated that elevated surface level of Tn antigen is
due to relocalization of some Golgi enzymes in the ER promoting cancer invasiveness
through the GalNAc-T Activation (GALA) pathway, in which GalNAc-T family of enzymes
serve as the initial enzymes of O-glycosylation (Gill et al., 2010). In addition, the abnormal
synthesis of Tn is also associated with the dysregulation of C1GALTI, together with its
specific chaperone COSMC, and in turn modulates cell adhesion and metastasis in various
cancer types (Ju and Cummings, 2002; Sun et al., 2021). These studies highlight the
importance of a detailed understanding and of a correct regulation of the intracellular

trafficking of Golgi-resident glycosylation enzymes.
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Figure 19. The dysregulation of ST6Gall results in abnormal sialylation, observed in
many types of cancers. (A) Due to hypoxia, the increased expression and activity of
ST6Gall leads to enhanced a2,6-sialylation, upregulating HIF1a and the expression of pro-
survival HIFla target genes, including growth factors and glucose transporters. (B) The
sialylation of cell surface death receptor FAS by ST6Gall inhibits the apoptotic signaling
and receptor internalization. (C) Increased expression of sialylated epidermal growth factor
receptor (EGFR) enhanced its tyrosine kinase activity, the phosphorylation of its
downstream targets, and the activation of pro-growth and survival genes. (D) Reduced a-
2,6 sialylation prolonged the activation of tumor necrosis factor (TNF), and the
internalization of TNF results in caspase activation and cell death. (E) Hypersialylation of
B1 integrin in the Golgi apparatus inhibits its binding affinity to matrix proteins, such as
type I collagen and fibronectin, and prevents downstream signaling. (Reily et al., 2019)

3.4.4.2 Chaperone dysfunction in disease

Likewise, dysregulation of KDEL-mediated retrograde transport is also associated
with numerous diseases. One example is the chaperone named Calreticulin (CALR), which
has been demonstrated to escape from the ER and be secreted at the cell surface with
oncogenic consequences. Surface exposed CALR is caused by mutations in the exon 9,
yielding CALR protein lacking the C-terminal KDEL sequences and has been reported in
around 30% of patients with myeloproliferative neoplasms (MPNs) (Grinfeld et al., 2018;
Nangalia et al., 2013). In addition, the expression of surface CALR has been identified in
multiple human cancers, including many leukemias, lymphomas, bladder cancer and ovarian
cancer (Chao et al., 2010). The surface exposed CALR acts as an “eat-me” signal and allows
the dendritic cells to recognize the dying cancer cells, favoring the anti-tumor immune
responses (Liu et al., 2020). On the other hand, the secretion of soluble CALR was also
observed upon anticancer chemotherapy, which in turn stimulates wound healing and

angiogenesis (Pike et al., 1998). These studies demonstrate why advancing our understanding
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of the Golgi-to-ER retrograde transport pathways is important in the context of diseases, such
as cancers. Our project aims at describing the kinetics and identifying mechanistic regulators
of two Golgi-to-ER retrograde routes, the ER recycling of Golgi glycosylation enzymes and
the KDEL-mediated ER retrieval pathway.
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Results

1. Introduction
1.1 Retention Using Selective Hooks (RUSH) assay

Many approaches have been developed in the past years to study the secretory
pathways of a fraction of targeted proteins, such as photoconversion or photobleaching.
Another classical method is to synchronize and monitor the transport of the tsO45 mutant
protein of VSVG tagged with GFP, upon the temperature shift from 40°C to 32°C. However,
there is still a need for a versatile trafficking assay to analyze the transport of diverse cargos,
especially under physiological conditions. The Retention Using Selective Hooks (RUSH)
assay developed in our lab provides new insights into protein transport and a quantitative
analysis to track the secretory cargoes in real-time. The RUSH assay, based on Streptavidin-
SBP (Streptavidin binding peptide) interaction, allows to synchronize the transport of cargos
from the ER to downstream compartments, such as plasma membrane and endosomal system,
and to get rid off the steady-state equilibrium between anterograde, retrograde, neo-synthesis
and degradation pathways (Boncompain et al., 2012). This synchronization system does not
rely on the protein aggregation mechanisms, such as methods based on mutant of FKBP
domains (Rivera et al. Science 2000, Casler et al. Mol Biol Cell 2020), and therefore does not
induce ER deformation or ER stress. In addition, RUSH assay also provides the possibility to
synchronize the traffic of several cargoes simultaneously in one cell, and to analyze the

protein secretion kinetics in multiple transport pathways.

The bicistronic RUSH plasmids with diverse hooks and cargoes have been generated
in the lab, which can be thus used to examine the trafficking of various protein types. On one
hand, the use of mutated form of stromal interaction molecule 1 (STIM1-NN; type I protein)
and human invariant chain of the major histocompatibility complex (Ii; type II protein), fused
to streptavidin, allows the stable localization of the hooks in the ER. In addition, the fusion of
the KDEL-motif to the C-terminus of streptavidin enables its retention in the lumen of ER.
Streptavidin fused to the N-terminus of Golgin-84 could be used as a cytoplasmic hook in
the Golgi apparatus (Boncompain et al., 2012). On the other hand, the RUSH assay could be
applied to monitor the protein traffic of diverse cargoes, fused to SBP-EGFP as a reporter,
such as calreticulin (CALR; soluble protein), B-secretase 1 (BACEL; type I protein), targeting
domain of Golgi enzymes (Manll* and ST*; type II protein), tumor necrosis factor (TNF;

type II protein), CC chemokine receptor 5 (CCRS; transmembrane protein), etc (Boncompain
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et al., 2012; Fourriere et al., 2016; Jin et al., 2018; Liu et al., 2020; Tan et al., 2020). Owing
to the interaction of streptavidin and SBP, the reporter protein can be retained in the ER, and
then released with the addition of biotin. The authors have demonstrated the simultaneous
imaging of ER-to-Golgi, intra-Golgi, and post-Golgi transport in living cells, consistent with
the previous study (Boncompain et al., 2012). The RUSH-synchronized secretory protein
transport allows us to acquire real-time protein transport at physiological temperature as well

as quantitative measurements of traffic kinetics in the secretory pathway.

To better understand the mechanisms of intracellular trafficking, the RUSH assay is
amenable to high-content screening, enabling the identification of key regulatory factors and
further the exploration of novel therapeutic strategies during disease development. Through
the study of RUSH-synchronized soluble secretory GFP, fused to SBP (ss-SBP-EGFP), the
authors identified and validated a series of protein secretion-inhibitory drugs from the
Prestwick chemical library. 12 out of 1200 approved drugs were selected in the large-scale
screens, inhibiting the extracellular accumulation of ss-SBP-EGFP (Zhao et al., 2018). These
secretion inhibitors vary in their effects on protein synthesis, morphology of ER network and
integrity of Golgi apparatus in the conventional protein secretion pathway (Zhao et al., 2018).
For another example of RUSH-synchronized SBP-EGFP-CCRS, which is a main co-receptor
for the entry of HIV-1, the authors also identified 15 strongest hits from 2 libraries, including
Prestwick Chemicals (1200 drugs) and U.S. National Cancer Institute (NCI; 2824 drugs). 3
out of the 15 selected drugs demonstrated with specificity to the transport of CCRS, but not
that of CCR1 and CXCR4. The treatment of 3 of the molecules also inhibited the HIV-1
infection and viral production in human macrophages, paving a way to a new therapeutic

avenue (Boncompain et al., 2019).

1.2 Reversible RUSH assay

Synchronous release of the reporter from the hook occurs upon the addition of biotin,
thanks to the high affinity of biotin towards streptavidin. However, biotin has a small
dissociation rate to streptavidin, impairing its detachment from streptavidin and reversibility
of the RUSH assay. The discovery of Artificial Ligand of Streptavidin (ALiS) overcame this
drawback (Terai et al., 2015). With the collaboration with Takuya Terai from University of
Tokyo, the association and dissociation of streptavidin-ALiS system through high-throughput
screening of a chemical library was described. Their results demonstrate that the direct

binding constants between streptavidin and ALiS-1 is 5.8x10% M, compared to that between
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streptavidin and biotin is around 10-'* M (Terai et al., 2015). Their later findings also show
improved solubility of ALiS-3 in PBS by 5-fold in contrast to ALiS-1, while with similar
binding constants of 5.6x10° M (Tachibana et al., 2017). Using ALiS-1 and ALiS-3 in
RUSH assay, it could be clearly seen that ALiS entered the cells and induced the ER-to-Golgi
transport of the truncated form of a Golgi enzyme a-mannosidase 2 (ManlI-SBP-EGFP) upon
the treatment of ALiS derivatives, similar to the effects of biotin-induced anterograde

transport (Tachibana et al., 2017; Terai et al., 2015).

In contrast to biotin, the treatment of ALiS brought the reversibility to RUSH assay
and enabled the quantitative analysis of Golgi-to-ER retrograde transport. The authors
showed that the anterograde transport of ManlI-SBP-EGFP can be observed from ER to
Golgi apparatus in 1 hour with the treatment of ALiS-3, and the reporters can be detected
back to the ER after ALiS-3 washout for 1.5 hour, as confirmed by the quantification of
kinetics (Tachibana et al., 2017). The process of ALiS-3-mediated anterograde and retrograde
transport can be achieved for several cycles. This not due to newly synthesized protein in the

ER, since transport occurs in the presence of cycloheximide, a protein synthesis inhibitor.
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2. Objectives

How the Golgi apparatus regulates the protein or lipid synthesis and transport through
retrograde transport has been extensively discussed since the 1980s. With the microinjection
of dominant-negative form of Sarl or the treatment of nocodazole or BFA, the recycling of
some Golgi-resident proteins back to the ER could be observed in the previous literature
(Cole et al., 1996; Lippincott-Schwartz et al., 1989; Storrie et al., 1998). The method of ER-
trap assay also provides a way to detect the continuous Golgi-to-ER recycling of
glycosylation enzymes in real-time. However, the tools are missing to monitor and analyze
the mechanisms between ER and Golgi, especially for Golgi-to-ER retrograde transport.
Therefore, we took advantage of the reversible RUSH assay in this project, focusing on the

retrograde transport from Golgi apparatus back to ER.

2.1 Explore the Golgi-to ER retrograde transport pathways and identify the regulatory
factors through reversible RUSH assay

We started our study by analyzing the KDEL-mediated retrieval pathway of Golgi
cargoes. Streptavidin fused to a KDEL motif was stably co-expressed in HeLa cells with
truncated form of Golgi enzymes a-mannosidase 2 (Manll*) or sialyltransferase (ST*), fused
to SBP-EGFP, as reporter proteins (See the manuscript in Figure 1). Through reversible
RUSH assay, we aim to achieve the synchronization of both anterograde and retrograde
transport of Golgi reporters in a population of cells, and the transport kinetics of cis- and
trans-Golgi cargos is to be quantified and analyzed. It is important to note that the Golgi-to-

ER retrograde transport we examine here occurs through the KDEL-mediated pathway.

To further explore the Golgi-to-ER recycling of Golgi-resident glycosylation enzymes,
we also use an “immobile” ER-resident protein fused with Streptavidin. Our experiments aim
to demonstrate the anterograde and retrograde transport in real-time through the use of Ii-Str
as a ER stable hook and ManlII*- or ST-SBP-EGFP as reporters (See the manuscript in Figure
2). These two sets of data allow quantitative measurements of the KDEL-mediated transport
and glycosylation enzymes recycling pathways through the ER and enable us to test

regulatory factors for these two transport pathways.

Studies have revealed that different glycosylation enzymes were recycled through
COPI-dependent or Rab6-dependent pathways. To identify some regulatory factors in Golgi-

ER retrograde transport, siRNA knockdown experiments, targeting to some known regulators,
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such as Golgi phosphoprotein 3 (GOLPH3), Conserved Oligomeric Golgi (COG) complex,
and Rab6, are to be performed in the above-mentioned cell lines. Depletion of different
subunits of the COG complex led to the dysfunction and mislocalization of diverse
glycosylation enzymes, which consequently result in severe diseases known as Congenital
Disorders of Glycosylation (CDG) (D’Souza et al., 2020; Ondruskova et al., 2021; Zolov and
Lupashin, 2005). We expect to highlight differential regulators, some involved in the KDEL-
mediated pathway and others in the ER recycling of glycosylation enzymes. A kinetics

analysis of two retrograde pathways in the siRNA depleted cells is to be conducted.

2.2 Examine the Golgi-to ER retrograde transport of Golgi-resident enzymes

Evidence has shown that Golgi glycosylation enzymes are continuously revisiting the
ER. We then apply the reversible RUSH assay to study the recycling of the full length Golgi-
resident enzymes, including fucosyltransferase 8 (FUT8) and polypeptide N-
acetylgalactosaminyltransferase 1 and 4 (GalNac-T1 and -T4), fused to SBP-mCherry and
SBP-EGFP, respectively. The ER-retention of full length enzymes and reversible RUSH
assay is to be examined and analyzed through quantitative measurement. The depletion of

some selected regulatory factors is also tested through RNA interference.

Evaluating the transport of Golgi enzymes in the context of their overexpression
might disturb their trafficking mechanisms, we thus try to analyze the transport of Golgi
enzymes at their endogenous level. Using CRISPR/Cas9 or CRISPaint, we edited the gene
encoding for MAN2A1, GALNT1 and B4GALT]1 to insert SBP-EGFP or SBP-mNeonGreen
(Mali et al., 2013; Schmid-Burgk et al., 2016). In order to create less artifacts, both hooks of
streptavidin  fused with KDEL and ER stable hook were expressed in the
selected heterozygous clones. With the clonal cell lines, we performed reversible RUSH
assay, and examined the bidirectional transport of endogenous Golgi glycosylation enzymes

through the KDEL-mediated and glycosylation enzyme recycling pathways.

The synchronization techniques combining the RUSH assay and the use of ALiS
enabled us to monitor the anterograde and retrograde transport between ER and Golgi
apparatus in real-time and in a quantitative way. Our current results confirmed the existence
of two distinct Golgi-to-ER retrograde transport routes, including KDEL-mediated and

glycosylation enzymes recycling pathways.
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3. Manuscript in preparation

“Synchronization of transport of Golgi glycosylation enzymes enabled a

quantitative analysis of Golgi-to-ER retrograde transport”

Yen-Ling Lian, Séverine Divoux, Gaelle Boncompain and Franck Perez
Dynamics of Intracellular Organization Laboratory, Institut Curie, PSL Research University,

Centre National de la Recherche Scientifique, UMR 144, Paris, France.

Abstract

Bidirectional transport of proteins between the endoplasmic reticulum (ER) and the
Golgi apparatus is essential to ensure proper localization of enzymes in these intracellular
compartments enabling them to achieve their function. However, tools are missing to
quantitatively analyze transport mechanisms between ER and Golgi, especially for retrograde
Golgi-to-ER transport. Here we show that synchronization of Golgi-to-ER retrograde
transport is enabled by combining the Retention Using Selective Hooks (RUSH) assay and
artificial ligands of Streptavidin (ALiS). Using “dynamic” or “immobile” ER hooks, KDEL-
mediated ER retrieval and ER recycling of Golgi glycosylation enzymes was quantitatively
analyzed and showed differences in their kinetics. In addition, we tested the role of the
known regulators of retrograde transport, COG3 and Rab6, in these Golgi-to-ER transport
routes. Finally, we demonstrated that we can get rid of working with overexpressed Golgi
glycosylation enzymes and generated genome-edited cells leading to synchronization of the

bidirectional transport of endogenous Golgi glycosylation enzymes.
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Introduction

In mammalian cells, protein transport across cellular compartments is essential for
many functions, such as nutrient uptake, adhesion or signaling. Multiple trafficking pathways
co-exist in cells conveying proteins in the anterograde and retrograde directions. At the center
of the trafficking routes, the Golgi apparatus processes and sorts cargos. In the anterograde
direction, from endoplasmic reticulum (ER) to post-Golgi compartments such as the plasma
membrane or the endosomal system, newly synthesized proteins are post-translationally
modified by Golgi-resident enzymes and sorted to their final destination. In the opposite
direction, the Golgi-to-ER and the intra-Golgi retrograde transport pathways ensure stable
localization of ER resident proteins and correct localization of Golgi glycosylation enzymes,
respectively. Proper localization of proteins in intracellular compartments is essential to
ensure function. For instance, ER chaperones are needed to help folding of proteins in the
lumen of ER and Golgi glycosylation enzymes are required to present in the appropriate sub-
Golgi compartments, as they act to decorate proteins with glycans in a sequential manner.

Soluble proteins, such as ER-resident chaperones, bear the C-terminal luminal KDEL
motif (Munro and Pelham, 1987). Upon the binding of the KDEL motif to KDEL receptor
(KDEL-R), the di-lysine retrieval motif is exposed and COPI is recruited, promoting Golgi-
to-ER retrograde transport of the complex (Lewis et al. 1990, Briuer et al., 2019). Golgi
glycosylation enzymes are type Il transmembrane proteins, lacking canonical signal for
interaction with COPI subunits. However, evidence has indicated that Golgi glycosylation
enzymes are continuously recycled from Golgi back to ER, with the involvement of COPI-
coated vesicles (Lippincott-Schwartz et al., 1989; Cole et al., 1998). At steady-state about
10% of glycosylation enzymes are localized in the ER (Rhee et al. 2005). A study
demonstrated that some cis-Golgi resident glycosylation enzymes bind directly with the 6 and
C subunits of COPI thorugh their cytoplasmic tail (Liu et al., 2018). Some regulators of
retrograde transport have been identified such as components of Conserved Oligomeric Golgi
(COG complex) or the small GTPase Rab6 (Girod et al., 1999; Sengupta et al., 2015; Smith
et al., 2009; White et al., 1999; Zolov and Lupashin, 2005).

In some pathological conditions, improper localization of ER-resident or Golgi-
resident proteins have been demonstrated. One example for ER-retrieval mediated by the
KDEL motif is the chaperone named Calreticulin (CALR), which has been revealed to escape
from the ER and be secreted at the cell surface leading to oncogenic properties. The

expression of surface CALR has been identified in multiple human cancers, including many
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leukemias, lymphomas, bladder cancer and ovarian cancer (Chao et al., 2010). In tumor
development and metastasis, including breast, lung and liver cancers, ER localization of
Golgi glycosylation enzymes through the GalNAc-T activation (GALA) pathway have been
described (Nguyen et al., 2017; Ros et al., 2020). Relocation of GalNAc-Ts enzymes is
induced by growth factor stimulation or Src activation, and leads to aberrant glycosylation
associated with elevated levels of the Thomsen—Friedenreich antigen (Tn) (Gill et al., 2010).
These studies demonstrate why advancing our understanding of the Golgi-to-ER retrograde
transport pathways is important in the context of diseases, such as cancers.

Very few prior studies attempted to set out a dynamic analysis of the Golgi-to-ER
retrograde transport of Golgi reporter proteins (Pecot and Malhotra, 2006; Sengupta et al.,
2015). However, as the Golgi apparatus is a dynamic organelle, maintaining its organization
thanks to bidirectional trafficking flows, the steady state analysis of protein localization is not
sufficient to understand modifications in the Golgi-to-ER transport pathways and/or to
identify regulators of these pathways.

In this study, we used synchronization of both anterograde and retrograde transport of
Golgi reporter proteins, taking advantage of the Retention Using Selective Hooks (RUSH)
assay (Boncompain et al. 2012), combined with Artificial Ligand of Streptavidin (ALiS) to
empower reversibility of the RUSH assay (Terai et al., 2015). Using either a dynamic ER or
an immobile hook, we quantified kinetics of both KDEL-mediated ER retrieval and the ER
recycling of Golgi glycosylation enzymes, respectively. Our set-up enabled us to show the
role of COG3 in both pathways, while Rab6 depletion led to impairment of KDEL-mediated
retrograde transport of a sialyltransferase reporter selectively. In addition, to overcome
troubles generated by overexpressing Golgi glycosylation enzymes, we engineered
endogenously tagged Golgi glycosylation enzymes using CRISPR-Cas9 approaches.
Synchronization of the transport of endogenous Golgi glycosylation enzymes indicated
differences in their kinetics of anterograde transport to the Golgi, whereas their induced

KDEL-mediated retrograde transport showed similar kinetics.
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Results

The reversible RUSH assay enables a dynamic and quantitative analysis of KDEL-
mediated Golgi-to-ER transport

The steady-state localization of proteins not only is a consequence between
anterograde and retrograde transport, but also involves protein synthesis and degradation
rates. To dissect protein transport, synchronization is thus necessary to get rid of this
equilibrium and to give access to the quantitative analysis of a wave of transport of a given
cargo. The Retention Using Selective Hooks (RUSH) assay in its initial development allows
synchronization of the anterograde transport of any protein by interaction between a
Streptavidin-fused hook and a SBP (Streptavidin-binding peptide)-fused reporter
(Boncompain et al., 2012). The interaction is released by addition of biotin. However, the
affinity of biotin for streptavidin is high (Kd = 10"13 M) impairing detachment of biotin from
Streptavidin and thus reversibility of the RUSH assay. Artificial Ligands of Streptavidin
(ALiS) have lower affinity for Streptavidin (Kd = 10° M) than biotin. This allows
synchronization of anterograde transport of Golgi proteins from the ER and of retrograde
transport from Golgi to ER, upon incubation of ALiS and its washout, respectively
(Tachibana et al., 2017; Terai et al., 2015). In the present study, ALiS-3 was used as it is the
most water-soluble ALiS developed, and consequently the easiest ALiS to wash out using
buffer and medium (Tachibana et al. 2017). In all experiments, cells were pre-incubated and
kept with cycloheximide to prevent new protein synthesis, which would interfere with our
analysis. Clonal cell populations stably expressing the constructs of interest were used to
ensure homogenous levels of expression and consequently homogeneous kinetic behavior to
the applied treatments.

Using this set-up, we conducted a quantitative analysis in real-time of the KDEL-
mediated Golgi-to-ER pathway. The N-terminal part comprising the cytosolic and
transmembrane domains of the Golgi glycosylation enzyme Mannosidase II (Manll*) or
sialyltransferase (ST*) was used as a cis- and frans-Golgi reporter protein respectively. The
SBP and EGFP were fused to C-terminus of the Golgi reporters, exposing SBP to the lumen
of the intracellular compartments as previously described (Fig. 1A) (Boncompain et al.,
2012). ManlII*-SBP-EGFP was co-expressed using a bi-cistronic plasmid with Streptavidin
fused to the KDEL motif (Str-KDEL). Without treatment, ManII*-SBP-EGFP is continuously
retrieved in the ER thanks to the Streptavidin-SBP interaction and the presence of the KDEL
motif on the protein complex (Fig. 1A and time 00:00 Fig. 1B). Upon incubation with ALiS-3,
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ManlI*-SBP-EGFP is transported to the Golgi apparatus. Stable localization in the Golgi
apparatus was observed after 1 h of incubation with ALiS-3 (Fig. 1B). Then, ALiS-3 was
washed out. In the absence of ALiS-3, ManlIl*-SBP-EGFP is retrieved to the ER (thanks to
interaction with Str-KDEL) in less than 1 h (Fig. 1B). Consecutive addition and washout of
ALiS-3 were performed a second time demonstrating that Manll*-SBP-EGFP reached the
Golgi apparatus upon detachment of Str-KDEL and then re-association. Multiple cycles of
transport could be performed even though the limitation we encountered is the presence of
cycloheximide, which becomes toxic for longer term.

We then extended our analysis by using another Golgi targeted cargo composed of the
N-terminal cytosolic tail and the transmembrane domain of sialyltransferase (ST*). Cells
stably expressing Str-KDEL ST*-SBP-EGFP and Str-KDEL ManlI*-SBP-mCherry were
co-cultured to compare the transport kinetics of these reporters under the same conditions
(Fig. 1C). Quantification showed that anterograde transport of ST*-SBP-EGFP and ManlII*-
SBP-mCherry to the Golgi apparatus is occurring at a similar speed, whereas the retrograde
transport speed of ST*-SBP-EGFP (26.3 min) is slight longer than that of ManII*-SBP-EGFP
(14.4 min) (Figure 2D). This observation may due to the localization of cargos in different
Golgi sub-compartments. In addition, the volume of the Golgi apparatus was quantified
during the transport of ManlI*-SBP-EGFP and ST*-SBP-EGFP between ER and Golgi.
HeLa cells engineered to knock-in EGFP at the N-terminus of Giantin (GFP-Giantin®N) were
transiently transfected with Str-KDEL and Manll*-SBP-mCherry or ST*-SBP-mCherry
(Fourriere et al., 2016). The volume of the Golgi apparatus increased during the anterograde
transport of Golgi cargos and then decreased upon their induced retrograde transport
(Supplementary Fig.1).

Our data show that we get access to efficient synchronization in a population of cells
of both anterograde and retrograde transport of Golgi reporters. Our quantitative analysis of
Golgi-to-ER transport dynamics indicated that KDEL-mediated retrograde transport of Golgi

reporters occurs in a time window of 1h.

Reversible RUSH using an ER stable hook allows analysis of ER recycling of Golgi
glycosylation enzymes

The identity of Golgi cisternae is maintained by the retrieval of the Golgi-resident
glycosylation enzymes from later cisternae. Thus, in addition to their steady-state localization
in the Golgi apparatus, about 10% of glycosidases are present in the ER thanks to their Golgi-
to-ER retrograde transport (Cole et al., 1998; Rhee et al., 2005). Very little is known about
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the kinetics of transport of the Golgi glycosylation enzymes in physiological conditions
(Sengupta et al., 2015).

With the same Golgi reporters previously described, we used an ER stable hook
composed of an isoform of the Invariant chain (Ii) of the major histocompatibility complex
fused to Streptavidin (Ii-Str) in its luminal domain (Fig. 2A) (Boncompain et al., 2012;
Schutze et al., 1994). The stable localization of Ii-Str in the ER was confirmed with the high
mannose patterns through the treatment of endoglycosidase H, indicating Ii-Str does not
reach early Golgi compartments (Supplementary Fig. 2). Anterograde and retrograde
transport could be observed in real-time by co-expressing li-Str and Manll*-SBP-EGFP (Fig.
2B) or ST*-SBP-EGFP (Fig. 2C). We co-cultured cells expressing [i-Str ManlIl*/ST*-SBP-
EGFP with cells expressing Str-KDEL Manll*SBP-mCherry to compare kinetics of
retrograde transport of Golgi glycosylation enzymes and of retrograde transport mediated by
the KDEL motif (Fig. 2B, C). The time necessary for 50 % of the reporters to reach either the
Golgi apparatus or the ER (half-time) were quantified to assess kinetics of anterograde and
retrograde transport, respectively (Fig. 2D). No significant difference was observed both for
anterograde and retrograde transport of Manll* and ST* reporters when used in combination
with Str-KDEL. No significant difference was observed for bidirectional transport of ManlI*
and ST* reporters when used in combination with [i-Str. These data indicate that the speed to
reach the Golgi (anterograde) or the ER (retrograde) is not dependent on the reporter. The
KDEL-mediated retrograde transport has a shorter half-time (14.4 min for Manll* and 26.3
min for ST*) than the half-time of the glycosylation enzymes recycling pathway (36.9 min
for ManII*-SBP-GFP and 37.6 min for ST*) (Fig. 2D). The retrograde transport mediated by
the KDEL motif is faster than the recycling of Golgi glycosylation enzymes through the ER.

Knockdown of COG3 delays the retrograde transport mediated by the KDEL motif and
impairs the recycling of glycosylation enzymes through the ER

Conserved Oligomeric Golgi (COG) complex is a tethering complex orchestrating
intra-Golgi trafficking (Willett et al., 2013). Using RNA interference, we assessed the role of
COG3 in both Golgi-to-ER retrograde transport pathways: KDEL-mediated and ER recycling
of glycosylation enzymes. Knockdown of COG3 (80% efficiency, Supplementary. Fig. 3) did
not show any effect on the anterograde transport of ManlI*-SBP-EGFP hooked by Str-KDEL
(Fig.3A, 3E), or on the anterograde transport of ST*-SBP-EGFP hooked either by Str-KDEL
or Ii-Str (Fig3B, 3C, 3F). However, depletion of COG3 led to delayed kinetics of KDEL-
mediated ER retrieval of ST*-SBP-EGFP compared to cells transfected with control siRNA
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(Fig3A-B). This effect was rescued when cells expressed siRNA-resistant COG3 (Fig. 3D-F).
We also tested the effects of COG3 depletion on the transport kinetics of full-length
fucosyltransferase (FUTS). The KDEL-mediated retrograde transport of FUT8(f1)-SBP-EGFP
is also delayed in cells depleted for COG3, compared to cells treated with siRNA control
(Supplementary Fig 4). There was no effect on the retention of reporters (Manll*, ST* or
FUTS(f1)) in the ER (using Str-KDEL hooks and no treatment) was observed. This might be
explained by the slight delay of KDEL-mediated retrograde transport occurring after COG3
depletion, which is not affecting steady-state localization of Str-KDEL. ER recycling of ST*-
SBP-EGFP (using Ii-Str hook) was not observed upon depletion of COG3 (Fig. 3C), while
occurring in cells transfected with control siRNA with a similar kinetics as measured
previously (Fig. 2C).

Our data indicate that COG3 is involved in intra-Golgi transport of KDEL-R though
not completely required, and is necessary for intra-Golgi retrograde transport of Golgi

glycosylation enzymes.

Knockdown of Rab6 delays the retrograde transport of ST* but not of ManII*

Previous studies have shown the involvement of Rab6 in retrograde transport
pathways (Girod et al., 1999; Miserey-Lenkei et al., 2010; Sengupta et al., 2015, White et al.,
1999). We therefore tested the role of Rab6 on synchronized retrograde transport pathways
using our set-up. Using siRNA against Rab6A, between 60% to 80% of depletion of Rab6
was achieved (Supplementary Fig. 3). In cells depleted for Rab6, no major effect on the
transport of ManIl* was observed (Fig. 4A). A slight acceleration of anterograde transport of
Manll* towards the Golgi was detected. This seems to be specific to Rab6 depletion as
anterograde transport of Manll* kinetics is similar to control cells when a siRNA-resistant
Rab6 construct is expressed (Fig. 4D-E). However, a strong delay in the KDEL-mediated
retrograde transport of ST* was observed (Fig. 4B) whereas the effect on the ER recycling of
ST* (1i-Str hook) is moderate (Fig. 4C). Kinetics of KDEL-mediated ER retrieval of ST* is
restored in cells depleted for Rab6 when a siRNA-resistant Rab6 is expressed, being then
similar to cells treated with siRNA control (Fig. 4D, 4F). These data are difficult to interpret.
One could suggest that Rab6 is involved in the intra-Golgi trafficking of ST*, which dictates
its capability to interact with Str-KDEL.
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Bidirectional synchronized transport of endogenous Golgi glycosylation enzymes

Evaluating the transport of Golgi glycosylation enzymes in the context of their
overexpression might disturb their intra-Golgi localization and trafficking mechanisms, we
thus set out to synchronize the bidirectional transport of endogenous Golgi glycosylation
enzymes using genome-editing approaches, namely CRISPR-Cas9 with homologous
recombination (HR) or CRISPaint (Fig. 5A) (Schmid-Burgk et al., 2016). Three human Golgi
glycosylation enzymes, namely Manll, GalNAc-T1 and GalT, encoded by the genes
MAN2A1, GALNTI1 and B4AGALTT] respectively, were targeted with gRNA close to the stop
codon in order to create C-terminal fusion with SBP-EGFP or SBP-mNeonGreen (Fig. 5A).
Positive cells (either EGFP positive or mNeonGreen positive) were enriched by sorting.
Fluorescent signal was detected in the Golgi apparatus as confirmed by staining with anti-
GM130 antibody (Supplementary Fig. 5A). Str-KDEL was then introduced in enriched cells
by lentiviral transduction (Fig. 5A) and enabled the efficient retention of ManII*N-SBP-
mNeonGreen, GalNAc-T1¥N-SBP-mNeonGreen and GalTE*N-SBP-EGFP in the ER in the
absence of treatment (Fig. 5B-C, Supplementary Fig. 5A). We generated clonal cell lines to
achieve homogeneous response to transport regulation using the RUSH and reversible RUSH
assays. After genomic characterization (data not shown), we intentionally worked with
heterozygous clones to keep non-tagged copies of the enzymes in the event that the labeling
would affect their function. The analysis in real-time of the anterograde transport upon
addition of ALiS-3 showed that we were able to quantitatively monitor the transport from ER
to Golgi of the endogenous enzymes with varying kinetics depending on the enzymes. Stable
localization in the Golgi apparatus of GaINAc-T1EN-SBP-mNeonGreen was obtained faster
than the one of ManII*N-SBP-mNeonGreen (Fig. 5B-C). Upon washout of ALiS-3, Golgi-to-
ER retrograde transport was induced. The KDEL-mediated ER retrieval of ManIIEN-SBP-
mNeonGreen and GalINAc-T1EN-SBP-mNeonGreen showed similar kinetics as expected (Fig.
5B-C). Interestingly, the KDEL-mediated retrograde transport of GalTEN-SBP-EGFP was not
observed upon washout of ALiS-3 in contrast to the co-cultured control cells expressing
ManlI*-SBP-mCherry (Supplementary Fig. 5B). One could suggest this is due to a lack of
interaction between GalT*N-SBP-EGFP and Str-KDEL in the sub-Golgi compartments where
GalTEN-SBP-EGFP is located, but this would require further investigation.

Combining genome-editing methods with the RUSH and reversible RUSH assays, we
could get access to the kinetics of anterograde and retrograde transport of endogenous Golgi

glycosylation enzymes used as Golgi reporters in the population of cells.
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Discussion

In this study, we have developed a quantitative assay to monitor the anterograde and
retrograde transport between the ER and the Golgi apparatus in real-time, utilizing the RUSH
assay together with ALiS (instead of the non-displaceable biotin). We focused our analysis on
the retrograde transport routes based on KDEL-mediated ER retrieval thanks to the
“dynamic” hook Str-KDEL and on the ER recycling of Golgi glycosylation enzymes using
the “immobile” hook Ii-Str. Prior studies dissected the KDEL-based transport using diverse
reporter proteins, such as Shiga toxin B-KDEL , ssHRP-KDEL or KDEL-BODIPY633
(Cancino et al., 2014; Johannes et al., 1997). However, these tools were not suitable for a
real-time analysis of KDEL-mediated retrograde transport and quantification of the transport
kinetics. ER trapping methods based on FKBP-FRAP/FRB interaction domains fused to the
ER retained invariant chain (Ii) and to Golgi glycosylation enzymes in combination with
rapamycin were developed to monitor the ER recycling of Golgi glycosylation enzymes
(Sengupta et al., 2015; Pecot and Malhotra, 2006). These two studies led to discrepancy in
the interpretation. The first study concluded that ER recycling of Golgi glycosylation
enzymes does not occur (Pecot and Malhotra, 2006), while the second study demonstrated
that ER recycling of Golgi glycosylation enzymes could be detected after modifying the
assay to prevent loss of binding capacity of the trap due to the presence of an endogenous
binder (Sengupta et al., 2015). Our assay also used an Ii fusion protein as an ER trap (Ii-Str)
for SBP-tagged Golgi reporter. The interaction is based on Streptavidin-SBP interaction
getting rid of the troubles previously encountered with FKBP-FRAP/FRB domains. We
demonstrated here that combination of the RUSH assay with ALiS allows synchronization of
the ER-to-Golgi transport upon washout of ALiS giving access to dynamic analysis of the ER
retrieval KDEL-mediated or the ER recycling of Golgi glycosylation enzymes using Str-
KDEL and Ii-Str hooks, respectively.

We show that these two Golgi-to-ER transport pathways have different kinetics.
KDEL-mediated ER retrieval occurs faster than the ER recycling of Golgi glycosylation
enzymes. Sengupta et al. did not provide quantification of real-time imaging experiments of
the ER recycling of ManlI* but still pictures show that stable ER relocation of ManlII* occurs
between 2h and 4h of incubation with rapamycin (Sengupta et al., 2015). Our quantification
indicated that Manll* or ST* are fully trapped in the ER 1.5h after the washout of ALiS-3.
This difference might be explained by differences in the expression levels of the constructs,

the fusion domains used (FRB vs. SBP) and/or the presence of rapamycin.
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Based on the synchronization method that we developed, we tested the effects of the
depletion of proteins previously shown to regulate retrograde transport, namely COG3 and
Rab6. Our data show that COG3 affects both KDEL-mediated and Golgi enzymes retrograde
pathway, in accordance with existing data that have demonstrated the role of COG3 in intra-
Golgi transport (Smith et al., 2009; Zolov and Lupashin, 2005). COG3 might be involved not
only in the intra-Golgi transport of the Golgi reporters themselves (here Manll*, ST* and
FUTS(f1)), but also of the KDEL-R. Depletion of Rab6 led to delayed KDEL-mediated
transport of ST* whereas did not affect the one of ManlI*. One could suggest that Rab6 is
directly or indirectly involved in the intra-Golgi transport of ST* determining its binding
capacities of ST*-SBP-FP with Str-KDEL in Golgi sub-compartments. We did not detect any
effects of depletion of Rab6 on the retrograde transport (li-based) of Manll*, whereas the
expression of Rab6-T27N strongly reduced ER recycling of Manll* as well as the Golgi-to-
ER retrograde transport of Shiga toxin B-fragments (Sengupta et al., 2015; White et al., 1999).
Experimental conditions, mostly the use of a dominant-negative mutant versus siRNA
depletion, might explain this discrepancy.

The overexpression of Golgi glycosylation enzymes either truncated or full-length
probably led to a less accurate localization in the Golgi cisternae. In addition,
glycosyltransferases assemble as hetero-oligomers, which are required for proper Golgi
targeting, according to the kin recognition model (Banfield, 2011; Nilsson et al., 1993).
Partners of glycosylation enzymes might be missing overexpressing cells leading to altered
trafficking. To overcome these limitations, we engineered endogenous Golgi glycosylation
enzymes by genome editing and generated cells with knocked-in SBP-FP domains close to
their C-terminus. We demonstrated that synchronized transport both in the anterograde and
retrograde directions were achieved. However, retrograde transport of GalT (encoded by
B4GALT1) did not occur after washout of ALiS-3 (even after a long time). Studies have
proposed the existence of hetero-oligomers B4GalT1-ST6Gall in the Golgi apparatus (de
Graffenried and Bertozzi, 2004). This may explain why our attempts to observe the Golgi-to-
ER retrograde transport of endogenous B4GalT1 did not reach to our expectation. It is
possible that the endogenous B4GalT1 forms hetero-oligomers with ST6Gall, which prevent
the Streptavidin from accessing SBP, and thus avoids the retrograde transport from Golgi-to-
ER.

In summary, we established a quantitative assay to monitor the retrograde transport
between the Golgi apparatus and the ER in real-time, combining the RUSH assay and ALiS.
Dissecting Golgi-to-ER transport routes both KDEL-mediated and of Golgi glycosylation
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enzymes is relevant to characterize and understand trafficking defects occurring in
pathological processes, such as cancer. Our assay now gives access to a descriptive analysis
of mechanisms of retrograde transport in various cellular contexts but also paves the way to

the identification of regulators of retrograde transport pathways.

Materials and Methods

Reagent

Dulbecco’s modified Eagle medium (DMEM), penicillin—streptomycin (P/S), sodium
pyruvate, puromycin, lipofectamine 3000, lipofectamine RNAIMAX, Leibovitz L15 phenol
red free medium (#21083027), Opti-MEM, goat anti-Mouse IgG (H+L) poly-HRP (#32230)
and goat anti-Rabbit IgG (H+L) poly-HRP (#32260), Phusion DNA polymerase (F530S)
were purchased from Thermo Fisher (Carlsbad, CA). Fetal bovine serum (FBS) was
purchased from Biosera (Nuaille, France). Geneticin (EU0601) was purchased from
Euromedex (Souffelweyersheim, France). Cycloheximide (C4859) was purchased from
Sigma-Aldrich (St Louis, MO) and TransIT-Lenti was purchased from Mirus (Madison, WI).
ALiS-3 was synthesized by Mcule (Palo Alto, CA) as previously described (Terai et al.,
2015). The following antibodies were used: anti-GM130 (BD Transduction Laboratories,
#610823, 1:1000 for IF); anti-Streptavidin (Santa Cruz Biotechnology, S10D4, 1:500 for IF);
anti-HA tag (clone 12CAS5) (Proteins and Antibodies Laboratory, Institut Curie, 1:2000 for
WB); anti-COG3 (Sigma-Aldrich, HPA040353, 1:2000 for WB); anti-Rab6 (Santa Cruz
Biotechnology, sc-310, 1:1000 for WB); anti-Actin (Sigma-Aldrich, A3853, 1:5000 for WB).
Fluorochrome conjugated secondary antibodies were purchased from Jackson

ImmunoResearch (Cambridge, UK).

Cell Culture, transfection and viral infection

HeLa cells were grown in culture medium (DMEM supplemented with 10% FBS, 1%
penicillin and streptomycin, and 1mM sodium pyruvate at 37°C and 5% CO2. HeLa cells
were transiently transfected with RUSH constructs, using calcium phosphate as previously
described (Jordan et al., 1996). After 1 day, cells were processed for immunofluorescence
staining or time-lapse imaging. To synchronize the transport of RUSH cargos, ALiS-3 was
treated to the culture medium at a final concentration of 20 uM or 40 uM.

To generate the stable cell line, RUSH constructs were introduced into the lentiviral

vector pCDHI1 with a CMV promoter. 1.3 ug of lentiviral donor, 0.15 ug pMD2.G and 0.367
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ug psPAX2 plasmids were transfected with 6 ul of TransIT-Lenti reagent into HEK293 LTV
cells, which were plated on a 6 well plate at a density of 800000 cells per well, 24h before
transfection. 48 hours after transfection, viral media was collected, mixed with protamine
(Sigma) at a final concentration of 8 ug/ml, and introduced to HeLa cells. 48 hours after
infection, the virus medium was replaced with culture medium containing puromycin (final

concentration 5 ug/ml) or geneticin (final concentration 400 ug/ml).

Plasmids

All RUSH plasmids were constructed using bicistronic vectors, encoding both of hook
and reporter proteins, as previously described (Boncompain et al., 2012). GFP-Rab6 was a
gift from Stephanie Miserey-Lenkei (Institut Curie). pmCherry-C1 vector was subjected to
PCR to provide cleavage sites at 5' and 3’ ends of mCherry (forward: 5°-
TTAATTACCGGTATGGTGAGCAAGGGCGAG -3’ and reverse: 5 -
TTAATTGCGGCCGCCTTGTACAGCTCGTCCAT - 3’). The PCR product was inserted
into GFP-Rab6 plasmid to generate mCherry-Rab6. GFP-hCOG3 was a gift from Lupashin
Vladimir (University of Arkansas for Medical Sciences, United States). pmCherry-C1 vector
was subcloned to generate mCherry-hCOG3.

Genome editing through CRISPR-Cas9 and CRISPaint

To produce the endogenously tagged glycosylation enzymes in HelLa cells, we
inserted SBP-GFP in the C-terminus of GalT using CRISPR-Cas9, and SBP-mNeonGreen in
the C-terminus of Manll and GalNAc-T1. The design of gRNAs were firstly predicted in a
web tool, CHOPCHOP version 3 (https://chopchop.cbu.uib.no/), and the gRNAs closed to the
stop codon of the coding region were selected (Manll: 5° - AAGTCAGGTTCACCTCAAC -
3’;  GalNAc-Tl: 5 - TCTCAGAATATTTCTGGCA - 3°; GalT: 5’-
GGACACCGAGCTAGCGTTT - 3°). HeLa cells were plated in a 10cm dish and transfected
next day with 15 ug donor plasmid, consisting of 1kb homologous arms of GalT genome
sequences, upstream and downstream of gRNA cutting site, 3.75 ug gRNA with U6 promoter,
3.75 ug pcDNA3.3-TOPO_hCas9 (a gift from Nicolas Manel, Institut Curie), and 2.5 ug
pIRES-puro3 as a selection marker, using calcium phosphate. 24 hours after transfection,
cells were treated with 5 ug/ml puromycin for 1 day, and then incubated with antibiotic-free
medium.

To construct an universal donor for CRISPaint approach, a kind gift,

pCRISPaint SBP-mNeonGreen, from Kasper Mygind (Copenhagen University), was
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subjected to PCR to remove the start codon of SBP (forward: 5° -
CGCTGGATCCGACGAGAAGACCACTGGTTG - 3’; reverse: 5’ -
GACCTTAATTAACTTGTACAGCTCGTCCATGC - 3°). HeLa cells were seeded in a 6
well plate for transfection next day, and lug universal donor of pCRISPaint SBP-
mNeonGreen, lug gRNA targeting to MAN2A1 or GALNTI, 1 ug frame selector with
pSpCas9(BB)-2A-Puro, using lipofectamine 3000 according to manufacturer’s instructions.
48 hours after transfection, cells were treated with 1 ug/ml puromycin for 1 day, and then
replaced with antibiotic-free medium.

For the validation of the genome-edited allele in the knock-in cell lines, the genomic
DNA was extracted with the NucleoSpin Tissue kit (Macherey-Nagel, #740952.50) according
to the manufacturer’s protocol. The PCR amplification of the targeting regions was
performed using Phusion High-Fidelity PCR Kit (New England Biolabs, E0553S), for 30
cycles of 98°C for 10 sec, 60-68°C for 30 sec and 72°C for 1 min 30 sec, with indicated sets

of primers in Table 1.

RNA interference experiment

HeLa cells were plated in a 6 well plate, and next day siRNA duplexes were
transfected per well with 1ul of 10 uM siRNA (Table 2) and 7.5 ul lipofectamine RNAIMAX
in 200 ul OptiMEM, as indicated in the manufacturer’s instructions. siRNA against luciferase
was used as depletion control. 72 hours after transfection, cells were processed to live-cell
imaging or western blotting. For the rescue experiments of depleted cells, after 48 hours, the
medium was replaced and cells were treated with 3.5ug rescue plasmids, using calcium

phosphate.

Fluorescence microscopy and time-lapse imaging

HeLa cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) for
10 min, and then permeabilized by 0.5% saponin, containing 2% BSA in PBS, for 10 min at
room temperature. Cells were incubated with primary antibodies of interest, followed by
conjugated secondary antibodies. Cells were then mounted using Mowiol (Calbiochem).
Immunofluorescence staining samples were detected by Leica DM6000 widefield microscope,
equipped with a CoolSnap HQ2 (Photometrics) CCD camera. Time-lapse microscopy was
performed by a Nikon Eclipse Ti-E mic microscope, equipped with an Evolve EMCCD
camera (Photometrics), with an incubator at 37°C. Images acquired by the MetaMorph

software (Molecular Devices) and were analyzed in Fiji software. Fluorescent signals in the
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Golgi were quantified thanks to Mathieu Maurin (Institut Curie, U932) for creating the macro
in Fiji. Images and composite figures were prepared using Adobe Illustrator software (Adobe
Systems Inc., San Jose, CA). To measure the volume of Golgi apparatus, confocal time-lapse
images were analyzed in Imaris software and then normalized to the maximum value of time-

lapse series.

Statistical analysis

Histological analysis and parametric data were presented as means + S.E.M. If not
specifically mentioned, differences between groups were tested by using the paired Student's
t-test. Multiple comparisons were analyzed by one-way ANOVA with repeated measurement.

The level of significance was uniformly defined at P< 0.05.
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Fig. 1 Reversible RUSH assay using ALiS to quantify kinetics of Golgi-to-ER KDEL-
mediated retrograde pathway. (A) Str-KDEL served as an ER hook, and ManlI*- or ST*-
SBP-EGFP was used as a Golgi reporter. The dissociation and re-association of the hook and
reporter between ER and Golgi were induced by the treatment with ALiS (Artificial Ligand
of Streptavidin) and its washout respectively. (B-C) Time-lapse images of HeLa cells stably
expressing Str-KDEL and Manll*-SBP-EGFP (B), ST*-SBP-EGFP and ManlI*-SBP-
mCherry (C). Cells were pre-incubated with cycloheximide (25 ug/ml) for 20 min,
then ALiS-3 was added (20 uM) from 0 to 1 hour (B) or 1.5 hours (C) respectively. Then
ALiS-3 was washed out. The graphs showed fluorescence intensity of ManlI*-SBP-GFP (B)
and ST*-SBP-EGFP (C) in the Golgi apparatus at each time point, and normalized to the
maximum value of the time-lapse series. Values are means + S.E.M from three independent
experiments with analysis of at least 10 fields. Scale bar: 20 um.
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Fig. 2 Reversible RUSH assay to monitor Golgi glycosylation. (A) [i-Str as an “immobile”
ER-resident hook, and Manll*- or ST*-SBP-EGFP was used as a Golgi reporter. The
dissociation and re-association of the hook and reporter between ER and Golgi were induced
by the treatment and washout of ALiS respectively. (B-C) Time-lapse images of HeLa cells
stably expressing Ii-Str and ManlI*-SBP-EGFP (B), ST*-SBP-EGFP (C), co-cultured with
cells expressing Str-KDEL and Manll*-SBP-mCherry as an internal control in (C). Cells
were pre-incubated in cycloheximide (25 ug/ml) for 20 min, then treated with ALiS-3 (40 uM)
from O to 1 h, and ALiS-3 was subsequently washed out. The graphs showed fluorescence
intensity of Manl[*-SBP-EGFP in (B) and ST*-SBP-EGFP in (C) in the Golgi apparatus at
each time point, and normalized to the maximum value of the time-lapse series. (D)
Quantification of half-time of transport of the reporters (ManlI*-SBP-EGFP or ST*-SBP-
EGFP) between ER and Golgi for the indicated constructs (Str-KDEL or Ii-Str hooks).
Values are means = S.E.M from three independent experiments with analysis of at least 10
fields. Scale bar: 20 pm.
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Fig. 3 COG3 depletion affects the KDEL-mediated retrograde transport and
glycosylation enzyme recycling through the ER. (A-C) Kinetic analysis of time-lapse
images in HeLa cells, stably expressing ManlI*-SBP-EGFP (A) and ST*-SBP-EGFP (B-C),
with the hooks of Str-KDEL or Ii-Str. 72 h after siRNA transfection against COG3, cells
were pre-incubated in cycloheximide (25 ug/ml) for 20 min, then treated with ALiS-3 (20 uM)
from 0 to 1.5 h, and ALiS-3 was subsequently washed out. (D-F) 48 h after siRNA
transfection against COG3, cells were transfected with mCherry-hCOG3 for another 24 h.
The graphs showed fluorescence intensity of Manll*-SBP-EGFP (E) or ST*-SBP-EGFP (F)
in the Golgi apparatus at each time point, and normalized to the maximum value of the time-
lapse series. Values are means = S.E.M from three independent experiments with analysis of
at least 10 fields. Scale bar: 20 um.
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Fig. 4 Knockdown of Rab6 delays the retrograde transport of ST*, but not of ManII*.
(A-C) Kinetic analysis of time-lapse images in HeLa cells, stably expressing ManlI*-SBP-
EGFP (A) or ST*-SBP-EGFP (B-C), with the hooks of Str-KDEL (A, B) or [i-Str (C ). 72 h
after siRNA transfection against Rab6, cells were pre-incubated in cycloheximide (25 ug/ml)
for 20 min, then treated with ALiS-3 (20 uM) from 0 to 1.5 h, and ALiS-3 was subsequently
washed out. (D-F) 48 h after siRNA transfection against Rab6, stable cell lines indicated were
transfected with mCherry-Rab6 for another 24 h. The plots showed fluorescence intensity of
ManlIl*-SBP-EGFP (E) or ST*-SBP-EGFP (F) in the Golgi apparatus at each time point, and
normalized to the maximum value of the time-lapse series. Values are means + S.E.M from
three independent experiments with analysis of at least 10 fields. Scale bar: 20 um.
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Fig. 5 Set-up “RUSH-synchronizable” endogenous Golgi enzymes. (A) Procedure to
generate knock-in cell lines for RUSH assay targeting Golgi glycosylation enzymes. Through
CRISPR-Cas9 or CRISPaint, HeLa cells were inserted with SBP-EGFP or SBP-mNeonGreen
in the C-terminal of Manll and GalNAc-T1 before stop codon. Positive cells were enriched
by sorting and transduced with lentiviruses to stably express Str-KDEL or [i-Str hooks. Lastly,
limiting dilutions were performed to select clones. (B-C) Time-lapse images of HeLa cells,
stably expressing Str-KDEL and ManII*N-SBP-mNeonGreen (B) or GalNAc-T1EN-SBP-
mNeonGreen (C), were pre-incubated in cycloheximide (25 ug/ml) for 20 min, then treated
with ALiS-3 (20 uM) for 1.5 h, and then washout of ALiS-3 was performed as indicated. The
plots showed fluorescence intensity of Golgi apparatus at each time point, and normalized to
the maximum value of time-lapse series. Values are means = S.E.M from two independent
experiments with analysis of at least 10 fields.
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Supplementary Fig. 1 Changes of Golgi volume during the anterograde and retrograde
transport of Golgi cargoes. (A) Knock-in GFP-Giantin®™ HeLa cells were transfected with
Str-KDEL and ManlII*-SBP-mCherry or ST*-SBP-mCherry. Quantification of Golgi volume
changes in the indicated conditions using GFP-Giantin= as a Golgi mask. Scale bar: 2 pm.
Confocal time-lapse images of HeLa cells were obtained with treatment of ALiS-3 for 1.5 h
and then subsequent washout for 1 to 2 h.
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Supplementary Fig. 2 1i-Str is stably resided in the ER.

Lysates of cells stably expressing the hook Ii-Str (containing an HA tag) were analyzed by
immunoblot (IB) with or without treatment with endoglycosidase H (endoH) or peptide N-
glycosidase F (PNGase F). Ii-Str was detected with an anti-HA antibody. Anti-vinculin 1B
served as a loading control.
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Supplementary Fig. 3 siRNA knockdown efficiency of COG3 and Rab6 in the stable
lines. siRNA-induced knockdown against COG3 and Rab6 in the stable cell lines expressing
ManlIl*-SBP-EGFP (A) and ST*-SBP-EGFP (B), together with the Str-KDEL. Cell lysates
were collected after 72 h of siRNA treatment, analyzed by IB and normalized to control cell
treated with siRNA against luciferase (siCtrl). Values are means = S.E.M from two (A) or
one (B) independent experiments.
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Supplementary Fig. 4 siRNA-induced COG3 depletion impairs the KDEL-mediated
retrograde transport of full-length fucosyltransferase (FUTS). Str-KDEL served as an ER
hook, and FUTS8(fl)-SBP-mCherry was used as a Golgi reporter. Stable HeLa cells were
treated with siRNA against COG3 for 48 h, and then transfected with iRFP-hCOG3 for
another 24h before imaging. Cells were pre-incubated in cycloheximide (25 ug/ml) for 20
min, then treated with ALiS-3 (20 uM) from 0 to 1.5 h, and ALiS-3 was subsequently washed
out. The plots showed kinetic analysis of time-lapse images, quantifying the fluorescence
intensity of FUTS8(fl)-SBP-mCherry in the Golgi apparatus at each time point, and
normalized to the maximum value of time-lapse series. Values are means + S.E.M from two
independent experiments with analysis of at least 10 fields. Scale bar: 20 um.
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Supplementary Fig. 5 Endogenously tagged Golgi glycosylation enzymes and the
synchronized transport of GalTEN-SBP-EGFP. (A) Positive cells, expressing ManIIEN-
SBP-mNeonGreen, GalNAc-T1¥N-SBP-mNeonGreen, and GalTEN-SBP-EGFP  were
processed for immunofluorescence staining. Green corresponds to the fluorescence of EGFP
or mNeonGreen and red shows the staining with anti-GM130 antibody, as a Golgi marker. (B)
Hela cells expressing Str-KDEL and GalTEN-SBP-EGFP were pre-incubated in
cycloheximide (25 ug/ml) for 20 min, then treated with ALiS-3 (20 uM) from 0 to 1.5 h, and
ALiS-3 was washed out as indicated. HeLa cells stably expressing Str-KDEL and ManII*-
SBP-mCherry were co-cultured as an internal control of treatments. The plots showed
fluorescence intensity in the Golgi apparatus at each time point, and normalized to the
maximum value of time-lapse series. Values are means + S.E.M from two independent
experiments with analysis of at least 10 fields. Scale bar: 20 um.
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Tables

Table 1: Primers for genomic PCR

Primer Sequence (57 —3°) Note
8 CATGGTCCTGCTGGAGTTCGTG Forward, 3’- EGFP

83 GTAGGTCAGGGTGGTCACGAG Reverse, 5°- EGFP

142 CGGAATTCAAGCTCGGTGTCCCGATGTCCAC | Forward, 5’- GalT exon 6

556 CGGAATTCCGTGAGCAAGGGCGAGGAGCTG | Forward, 3° - EGFP

867 CATGTTCTGAAGCCCTCC Forward, 1kb upstream of
GalT

868 GGCTGAGGCTCCCTCC Reverse, 1kb downstream
of GalT

869 GGCATGTCTATATCTCGCC Forward, sequencing
GalT in the region of the
stop codon

870 GCAGCACTCTCCGAATTTTC Reverse, sequencing GalT
in the region of the stop
codon

1262 | CATTCTGACATTAAGGCCTTGAGTCATAAG Forward, sequencing
ManlI in the region of the
stop codon

1263 GGTTTATGGTACCTATGGAATTGCTTC Reverse, sequencing
ManlI in the region of the
stop codon

1476 | ACAGAGCTTATGCCAGAATTAGGAC Forward, sequencing
GalNAc-T1 in the region
of the stop codon

1477 CTGCTGAACGTGCTGTCATAATG Reverse, sequencing
GalNAc-T1 in the region
of the stop codon

1748 GTTTCAGGTTCAGGGGGAGGTGT Reverse, sequencing
CRISPaint donor insert

1749 | CCGAGCTCAACTTCAAGGAG Forward, 3’ -
mNeonGreen
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Table 2: siRNA target sequence

Target Sequence (5 —3°) Note
Luciferase | #207:CGUACGCGGAAUACUUCGATT
COG3 | #532: AGACTTGTGCAGTTTAACA #533 was wused for time-lapse
#533: GGAGCAGUGUGAUGCUAUA | imaging
#534: AGUGCUGAGUAGGUAAUAG
Rab6a [ GAACGTTTCCGTAGCCTCA

80




Reference

Banfield, D. K. (2011). Mechanisms of protein retention in the Golgi. Cold Spring Harb
Perspect Biol 3, a005264.

Boncompain, G., Divoux, S., Gareil, N., de Forges, H., Lescure, A., Latreche, L.,
Mercanti, V., Jollivet, F., Raposo, G. and Perez, F. (2012). Synchronization of
secretory protein traffic in populations of cells. Nat Methods 9, 493—498.

Briuer, P., Parker, J. L., Gerondopoulos, A., Zimmermann, I., Seeger, M. A., Barr, F. A.
and Newstead, S. (2019). Structural basis for pH-dependent retrieval of ER proteins
from the Golgi by the KDEL receptor. Science 363, 1103-1107.

Cancino, J., Capalbo, A., Di Campli, A., Giannotta, M., Rizzo, R., Jung, J. E., Di
Martino, R., Persico, M., Heinklein, P., Sallese, M., et al. (2014). Control Systems of
Membrane Transport at the Interface between the Endoplasmic Reticulum and the Golgi.
Developmental Cell 30, 280-294.

Chao, M. P., Jaiswal, S., Weissman-Tsukamoto, R., Alizadeh, A. A., Gentles, A. J.,
Volkmer, J., Weiskopf, K., Willingham, S. B., Raveh, T., Park, C. Y., et al. (2010).
Calreticulin Is the Dominant Pro-Phagocytic Signal on Multiple Human Cancers and Is
Counterbalanced by CD47. Sci. Transl. Med. 2,.

Cole, N. B., Ellenberg, J., Song, J., DiEuliis, D. and Lippincott-Schwartz, J. (1998).
Retrograde transport of Golgi-localized proteins to the ER. J Cell Biol 140, 1-15.

de Graffenried, C. L. and Bertozzi, C. R. (2004). The roles of enzyme localisation and
complex formation in glycan assembly within the Golgi apparatus. Current Opinion in
Cell Biology 16, 356-363.

Fourriere, L., Divoux, S., Roceri, M., Perez, F. and Boncompain, G. (2016). Microtubule-
independent secretion requires functional maturation of Golgi elements. Journal of Cell
Science jcs.188870.

Gill, D. J., Chia, J., Senewiratne, J. and Bard, F. (2010). Regulation of O-glycosylation
through Golgi-to-ER relocation of initiation enzymes. Journal of Cell Biology 189, 843—
858.

Girod, A., Storrie, B., Simpson, J. C., Johannes, L., Goud, B., Roberts, L. M., Lord, J.
M., Nilsson, T. and Pepperkok, R. (1999). Evidence for a COP-I-independent transport
route from the Golgi complex to the endoplasmic reticulum. Nat Cell Biol 1, 423—-430.

Johannes, L., Tenza, D., Antony, C. and Goud, B. (1997). Retrograde Transport of KDEL-
bearing B-fragment of Shiga Toxin. Journal of Biological Chemistry 272, 19554—19561.

Jordan, M., Schallhorn, A. and Wurm, F. M. (1996). Transfecting mammalian cells:
optimization of critical parameters affecting calcium-phosphate precipitate formation.
Nucleic Acids Res 24, 596—601.

Lewis, M. J. and Pelham, H. R. (1990). A human homologue of the yeast HDEL receptor.
Nature 348, 162—-163.

81



Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S. and Klausner, R. D. (1989). Rapid
redistribution of Golgi proteins into the ER in cells treated with brefeldin A: evidence for
membrane cycling from Golgi to ER. Cell 56, 801-813.

Liu, L., Doray, B. and Kornfeld, S. (2018). Recycling of Golgi glycosyltransferases
requires direct binding to coatomer. Proc. Natl. Acad. Sci. U.S.A4. 115, 8984—-8989.

Miserey-Lenkei, S., Chalancon, G., Bardin, S., Formstecher, E., Goud, B. and Echard,
A. (2010). Rab and actomyosin-dependent fission of transport vesicles at the Golgi
complex. Nat Cell Biol 12, 645—-654.

Munro, S. and Pelham, H. R. (1987). A C-terminal signal prevents secretion of luminal ER
proteins. Cell 48, 899-907.

Nguyen, A. T., Chia, J., Ros, M., Hui, K. M., Saltel, F. and Bard, F. (2017). Organelle
Specific O-Glycosylation Drives MMP14 Activation, Tumor Growth, and Metastasis.
Cancer Cell 32, 639-653.¢€6.

Pecot, M. Y. and Malhotra, V. (2006). The Golgi Apparatus Maintains Its Organization
Independent of the Endoplasmic Reticulum. MBoC 17, 5372-5380.

Rhee, S. W., Starr, T., Forsten-Williams, K. and Storrie, B. (2005). The Steady-State
Distribution of Glycosyltransferases Between the Golgi Apparatus and the Endoplasmic
Reticulum is Approximately 90:10: Golgi Glycosyltransferase Distribution. Traffic 6,
978-990.

Ros, M., Nguyen, A. T., Chia, J., Le Tran, S., Le Guezennec, X., McDowall, R.,
Vakhrusheyv, S., Clausen, H., Humphries, M. J., Saltel, F., et al. (2020). ER-resident
oxidoreductases are glycosylated and trafficked to the cell surface to promote matrix
degradation by tumour cells. Nat Cell Biol 22, 1371-1381.

Schmid-Burgk, J. L., Honing, K., Ebert, T. S. and Hornung, V. (2016). CRISPaint allows
modular base-specific gene tagging using a ligase-4-dependent mechanism. Nat Commun
7, 12338.

Schutze, M. P., Peterson, P. A. and Jackson, M. R. (1994). An N-terminal double-arginine
motif maintains type II membrane proteins in the endoplasmic reticulum. EMBO J 13,
1696-1705.

Sengupta, P., Satpute-Krishnan, P., Seo, A. Y., Burnette, D. T., Patterson, G. H. and
Lippincott-Schwartz, J. (2015). ER trapping reveals Golgi enzymes continually revisit
the ER through a recycling pathway that controls Golgi organization. Proc. Natl. Acad.
Sci. U.S.A. 112,.

Smith, R. D., Willett, R., Kudlyk, T., Pokrovskaya, 1., Paton, A. W., Paton, J. C. and
Lupashin, V. V. (2009). The COG complex, Rab6 and COPI define a novel Golgi
retrograde trafficking pathway that is exploited by SubAB toxin. Traffic 10, 1502-1517.

Tachibana, R., Terai, T., Boncompain, G., Sugiyama, S., Saito, N., Perez, F. and Urano,
Y. (2017). Improving the Solubility of Artificial Ligands of Streptavidin to Enable More
Practical Reversible Switching of Protein Localization in Cells. ChemBioChem 18, 358—
362.

82



Terai, T., Kohno, M., Boncompain, G., Sugiyama, S., Saito, N., Fujikake, R., Ueno, T.,
Komatsu, T., Hanaoka, K., Okabe, T., et al. (2015). Artificial Ligands of Streptavidin
(ALiS): Discovery, Characterization, and Application for Reversible Control of
Intracellular Protein Transport. J. Am. Chem. Soc. 137, 10464—10467.

White, J., Johannes, L., Mallard, F., Girod, A., Grill, S., Reinsch, S., Keller, P.,
Tzschaschel, B., Echard, A., Goud, B., et al. (1999). Rab6 Coordinates a Novel Golgi
to ER Retrograde Transport Pathway in Live Cells. Journal of Cell Biology 147, 743—
760.

Willett, R., Ungar, D. and Lupashin, V. (2013). The Golgi puppet master: COG complex at
center stage of membrane trafficking interactions. Histochem Cell Biol 140, 271-283.

Zolov, S. N. and Lupashin, V. V. (2005). Cog3p depletion blocks vesicle-mediated Golgi
retrograde trafficking in HeLa cells. Journal of Cell Biology 168, 747-759.

83



4. Supplementary information
4.1 KDEL-mediated transport tubular carriers

In the results sections, we have performed the reversible RUSH assay with the
truncated form Manll* and ST*, and measured the volume changes of the Golgi apparatus
during anterograde and retrograde transport. We also extended our observation with the
detailed structures of Golgi apparatus in the retrograde transport. HeLa cells engineered to
knock-in EGFP at the N-terminus of Giantin (GFP-GiantinEN) were transiently transfected
with Str-KDEL and ManII*-SBP-mCherry, and then treated with ALiS-3 for 1.5 hours. Upon
the washout of ALiS-3, Manll*-SBP-mCherry is retrieved to the ER and the detailed
transport carriers could be observed. The tubules are extending from the Golgi apparatus and

carrying the Golgi cargos ManlI*, in absence of the Golgi membrane.

V3

00:06 - 00:17 (hr:min)

Str-KDEL_Manll*-SBP-mCher

ey

Y ~

EGFP-Giantin®\

KDEL_Manll*-SBP-mCherr

Fig 1. KDEL-mediated transport tubular carriers. Knock-in GFP-GiantinEN HeLa cells
were transfected with Str-KDEL and ManlI*-SBP-mCherry. Confocal time-lapse images of
HeLa cells were obtained with treatment of ALiS-3 (20 uM) for 1.5 h and then subsequent
washout for 1 to 2 h. Extending Golgi tubules visualized through the application of temporal-
color code (Image J) (A), and the detailed Golgi tubules carriers (B). Scale bar: 20 pm and 2
um for enlarged images.
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4.2 Golgi-to ER retrograde transport of Golgi-resident full-length enzymes
4.2.1 Some difficulties in generating the stable cell lines for reversible RUSH assay
Several Golgi enzymes full length, including mannosidase a class 2A member 1
(MANII), polypeptide N-acetylgalactosaminyltransferase 1 and 4 (GalNac-T1 and T4), and
B-galactoside a-2,6-sialyltransferase 1 (ST), were tested, and their retention (at ER), release
(to Golgi apparatus) and retrieval (back to ER) status were verified in the reversible RUSH
assays.The current difficulties we have confronted for the past years were that we didn’t
observe the ER recycling of several Golgi enzymes, no matter for KDEL-retrival or
glycosylation enzyme recycling pathways, such as for GalNac-T1 and ST . Sometimes we
could obtain the clonal cells with nice KDEL recycling, but not for glycosylation enzyme

recycling, as for GalNac-T4 and ST.

Table 1: Stable cell lines generated for reversible RUSH assay

Stable cell lines Retention Release Retrieval
(ER) (Golgi) (ER)
Str-KDEL ManllI(fl)-SBP-EGFP (Transient) Vv No trafficking -
[i-Str ManlI(f1)-SBP-EGFP (Transient) v No trafficking -
Str-KDEL GalNac-T1(fl)-SBP-EGFP v v X
Ii-Str_ GalNac-T1(f1)-SBP-EGFP v v X
Str-KDEL FUTS(fl)-SBP-mCherry v v v
[i-Str FUTS8(f1)-SBP-mCherry v v X
Str-KDEL GalNac-T4(f1)-SBP-EGFP v v v
Ii-Str GalNac-T4(fl1)-SBP-EGFP v v X
Str-KDEL_ST(fl)-SBP-EGFP v v X
Ii-Str_ ST(fl)-SBP-EGFP v v X

85



4.2.2 KDEL-mediated retrograde transport of GalNac-T4(fl)

In order to gain insights on the Golgi-resident enzyme trafficking, stable cell lines,
expressing Str-KDEL and full-length enzymes GalNac-T4(f1)-SBP-EGFP, were generated to
test on RUSH assays. We could observe GalNac-T4(fl)-SBP-GFP was transported from ER
to Golgi apparatus upon the treatment of ALiS-3, and retrieved back to ER through KDEL-
mediated pathway with the removal of ALiS-3 (Fig. 2A). To examine whether Rab6 could
regulate the full-length Golgi-resident enzyme recycling, siRNA treatments against Rab6
were performed. Surprisingly, despite the natural localization of GalNac-T4 in medial-Golgi
compartments, depletion of Rab6 disrupted the Golgi-to-ER recycling of GalNac-T4(fl) (Fig.
2B). Re-expression of iRFP670-Rab6 could rescue the delayed KDEL-mediated retrograde
transport of GalNac-T4(fl), confirmed by the quantification of kinetics. Collectively, we
demonstrate that ER retrieval of e full-length Golgi-resident enzymes recycling through
KDEL-mediated pathway, whereas it remains to be further investigated for the differential
effects of COG3 and Rab6 as retrograde transport regulators.

(hr:min) + ALiS-3 Washout [ ALiS-3 | wash |

(fl)-SBP-GFP

siRab6 + iRFP-Rab6

0 50 100 150
Time (min)

m siControl

m siRab6

m siRab6-Rescue

Norm. Intensity (Golgi)

Str-KDEL_GaINT4

iRFP

Fig. 2. siRNA-induced Rab6 impairs the KDEL-mediated retrograde transport of
GalNac-T4(fl). Kinetic analysis of confocal time-lapse images in HeLa cells, stably
expressing GalNac-T4(fl)-SBP-GFP, with the hooks of Str-KDEL. siRNA transfection
against Rab6 was performed for 48 hours, and then iRFP670-Rab6 is transfected for another
24 hours before imaging acquisition. Cells were pre-incubated in cycloheximide (25 ug/ml)
for 20 mins, then treated with ALiS-3 (20 uM) from 0 to 1.5 hours. Cells were then washed
with PBS for 3 times and incubated with Leibovitz medium. The plots showed fluorescence
intensity of GalNac-T4(f1)-SBP-GFP in the Golgi at each time point, and normalized to the
maximum value of the time-lapse series. Values are means = S.E.M from two independent
experiments with analysis of at least 10 fields. Scale bar: 20 um.
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4.3 Some glycosylation enzymes do not recycle through Golgi-to-ER retrieval pathways
4.3.1 Difficulties in generating the stable cell lines for “RUSH-synchronizable”
endogenous Golgi enzymes

The set-up of “RUSH-synchronizable” endogenous Golgi glycosylation enzymes
allows us to get access to the bidirectional transport kinetics at an endogenous level. The ER-
retention and ER-to-Golgi transport could be detected in most cell lines, with the knock-in of
SBP-mNeonGreen or SBP-EGFP. However, ER-recycling could only be observed in the cis-
and medial-Golgi enzymes (i.e. ManlI*™N and GalNac-T1EY) through KDEL-mediated
pathway, but not frans-Golgi enzyme (i.e. GalTEN), even with another retrieval signal of
HDEL. In addition, we did not see the ER-retrieval through glycosylation enzyme recycling
pathway, with the expression of invariant chain hook. Furthermore, in the homozygous
clones, no ER-retrieval of GalTEN was observed after the washout of ALiS. We also
generated the endogenously tagged Golgi glycosylation enzymes in a breast cancer cell line,
SUM159, whereas we did not observe the ER-retrieval of GalTEN. This observation was

probably not due to the cell line difference.

Table 2: Stable cell lines generated for “RUSH-synchronizable” endogenous Golgi enzymes

Stable cell lines (CRISPR/Cas9 knock-in) Retention | Release | Retrieval
(ER) (Golgi) (ER)
Str-KDEL ManlIIEN-SBP-mNeonGreen v v v
[i-Str ManIIEN-SBP-mNeonGreen v v X
Str-KDEL _GalNac-T1EN-SBP-mNeonGreen v v v
Ii-Str_ GalNac-T1EN-SBP-mNeonGreen v v X
FUTS8EN-SBP-mNeonGreen (Low expression) - - -
Str-KDEL_GalTEN-SBP-EGFP v v X
Str-KDEL_GalTEN-SBP-EGFP (SUM159 cell) v v X
Str-KDEL_GalTEN-SBP-EGFP (Homozygote) V4 v X
Str-myc-HDEL GalTEN-SBP-EGFP v v X
Ii-Str GalTEN-SBP-EGFP v v X
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4.3.2 “RUSH-synchronizable” endogenous Golgi enzymes using CRISPR-Cas9 and/or
CRISPaint with ER stable hook

As previously mentioned, the KDEL-retrieval of GalNac-T1EN could be achieved
through the reversible RUSH assay. In order to compare the KDEL-mediated pathway to
glycosylation enzyme recycling pathway, ER stable hook was expressed in the knock-in cell
line. The retention of GalNac-T1EN in the ER could be observed, thanks to the expression of
invariant chain fused to streptavidin (Ii-Str). Although the signals of GalNac-T1EN-SBP-
mNeonGreen were localized in the Golgi apparatus with the treatment of ALiS-3, the ER
recycling could not be observed with ALiS washout. According to the immunostaining
images, the expression of invariant hook could still be detected with anti-streptavidin
antibody, but no ER recycling of GalNac-T1EN was observed even after overnight washout of

ALiS.

+ALiS-3 Washout 3 hr Washout OVN

mNeonGréen

i

s

li-Str_GalNAc-T1EN-SBP-mNeonGreen

Fig. 3. “RUSH-synchronizable” endogenous GalNac-T1EN-SBP-mNeonGreen does not
retrieve through glycosylation enzyme recycling pathway. CRISPaint knock-in cells,
expressing Str-KDEL and GalNac-T1®N-SBP-mNeonGreen were pre-incubated in
cycloheximide (25 ug/ml) for 20 mins, then treated with ALiS-3 (20 uM) for 1.5 hr. Cells
were then washed with PBS for 3 times and incubated with culture medium for 3 hrs or
overnight, in presence of cycloheximide. The upper panel of the immunofluorescence
staining images corresponds to the fluorescence of mNeonGreen and the lower panel shows
the immunostaining with anti-Streptavidin antibody. Scale bar: 20 pm.
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4.4 Verification of the ER-retrieval in the genome-edited cell lines
4.4.1 Genomic DNA sequences of the CRISPR/Cas9 and CRISPaint-edited knock-in
cells

The genomic DNA of the heterozygous clones were extracted from the engineered
knock-in cell lines, and then PCR genotyping was performed to validate the genomic DNA
sequences in the gRNA cutting regions. For Man2A1 and GALNT1, both non-edited and
edited allele are edited as expected, the deletion of some amino acid was due to the gRNA
cutting with CRISPaint strategy. No amino acid deletion in the genome of B4GALTI is
detected, whereas the ER-retrieval of 3 knock-in cell lines was observed, especially through

the glycosylation enzyme recycling pathway.

MAN2A1
Last Exon

Original PSSLSLMHSP PGTQNISEIN LSPMEISTFR IQLR*
Non-edited allele =~ PSSLSLMHSP PGTQNISEIN LSPMEISTFR 1Q*

Knock-in allele PSSLSLMHSP PGTQNISEIN LSPMEISTFR IQF GGGASGGS - SBP - mNeonGreen

GALNT1
Last Exon

Original NQCLDKATEE DSQVPSIRDC NGSRSQQWLL RNVTLPEIF*
Non-edited allele  NQCLDKATEE DSQVPSIRDC NGSRSQQWLL RNVTLPEIF*
Knock-in allele NQCLDKATEE DSQVPSIRDC NGSRSQQWLL RNVTLH GGGASGGS - SBP - mNeonGreen

B4GALT1
Last Exon

Original ETMLSDGLNS LTYQVLDVQR YPLYTQITVD IGTPS*
Non-edited allele  ETMLSDGLNS LTYQVLDVQR YPLYTQITVD IGTPS*

Knock-in allele ETMLSDGLNS LTYQVLDVQR YPLYTQITVD IGTPS LIS - SBP - mNeonGreen

Fig. 4. Verification of the genomic DNA sequences in the knock-in cell lines through
PCR genotyping. The genomic DNA of heterozygous clonal cells, expressing ManlIIEN-,
GalNac-T1*N-SBP-mNeonGreen and GalTEN-SBP-EGFP, were extracted and performed the
PCR genotyping. Non-edited and knock-in edited alleles were distinguished through different
sets of primers, indicated in the manuscript Table 1.

&9



4.4.2 Examination of the Golgi-to-ER retrograde transport through the treatment of
Nocodazole and BFA

The KDEL-mediated Golgi-to-ER pathway relies on the capture of KDEL-retrieval
signal by the KDEL receptor, which may not reach distal Golgi regions and forbid the
KDEL-retrieval of trans-Golgi enzymes. It has been shown that GalT redistributed at a slow
but continuous flux to the same peripheral sites as ERGIC-53, upon nocodazole treatment
(Cole et al., 1996). To this end, we thus tested the effects of nocodazole treatment in the
knock-in cells, expressing GalTEN-SBP-EGFP. In the beginning, Golgi enzyme GalTEN is
retained in the ER thanks to hook expression of Str-myc-HDEL. With the treatment
of nocodazole for 1.5 hr and the ALiS-3 for 40 mins, we could observe the release of
GalTEN-SBP-EGFP, together with dispersed mini-Golgi stacks. After the washout of ALiS
and in presence of nocodazole, we could notice the ER-retrieval of the internal control
ManlI*-SBP-mCherry, but not that of endougenous GalT. The results indicated that the non-
retrieval effect of endogenous GalT was not due to the accessibility of the KDEL receptor to

trans-Golgi.

+ Nocodazole

+ ALiS-3 Washout ALiS-3

01:30 01:35

Yy

Str-KDEL_Manll*-SBP-mCherr

Str-myc-HDEL_GalTEN-SBP-EGFP

Fig. 5. Treatment of nocodazole does not enhance the KDEL-mediated recycling of
endogenous GalT. Genome-edited knock-in cells, expressing GalT1EN-SBP-EGFP and Str-
myc-HDEL were pre-treated with cycloheximide (25 ug/ml) for 20 mins, then treated with
nocodazole (10 uM) for 1.5 hr, and then ALiS-3 (20 uM) for 40 mins. Cells were then
washed with PBS for 3 times and incubated with culture medium for 1.5 hrs, in presence of
nocodazole and cycloheximide. Scale bar: 20 pm.
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Aside from the treatment of nocodazole, another common approach to study ER-
retrieval pathway is antiviral antibiotic brefeldin A (BFA), which can block the ER-Golgi
anterograde transport and the in turn lead to the disassembly of the Golgi apparatus (Fujiwara
et al., 1988). A study has also shown a rapid re-localization of Manll from Golgi apparatus
back to the ER with the treatment of BFA (Lippincott-Schwartz et al., 1989). Therefore, we
examined the induced ER-retrieval of GalNac-T15N-SBP-mNeonGreen with the addition of
BFA, and tested whether the ER stable hook can still capture the reporter through the
interaction of streptavidin-SBP. In the first panel, GalNac-T1EN-SBP-mNeonGreen is
retained in the ER owing to the invariant chain hook expression, as shown with anti-
Streptavidin staining. With the treatment of ALiS-3, we can observe the localization of
GalNac-T1EN-SBP-mNeonGreen in the Golgi apparatus. Then, with the treatment of BFA,
Golgi complex disassembles and the GalNac-T1EN-SBP-mNeonGreen is redistributed back to
the ER with or without the expression of Ii-Str hook. After the removal of BFA and ALiS-3,
the hook and the reporter are able to interact with each other and are retained in the ER, along
with Golgi reformation. These data indicate that the hook remains functional in the ER, and

streptavidin can still capture the cargo after the travel.

+ALiS-3 +ALIS-3 removal Washout

5
mNeonGreen

li-Str_GalNAc-T15N-SBP-mNeonGreen

Fig. 6. ER-resident hook Ii-Str remains functional to capture the RUSH-synchronized
GalNac-T1EN-SBP-mNeonGreen in the ER upon the treatment of BFA. HelLa cells,
stably expressing Ii-Str and GalNac-T15N-SBP-mNeonGreen, were pre-treated with
cycloheximide (25 ug/ml) for 20 mins, followed by the treatment of ALiS-3 (20 uM) for 1.5
hr. Next, the genome-edited cells were washed with PBS for 3 times and then treated with
BFA (1 uM) for 1.5 hr, in absence of ALiS-3. Lastly, cells were washed again with PBS for 3
times and changed to culture medium for 1.5 hrs, in presence of cycloheximide. Scale bar: 20
pm.
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4.4.3 Protein topology and localization of SBP-EGFP insert in the genome-edited cells

Previously, we have observed the ER-retention in the “RUSH-synchronizable”
endogenous Golgi-resident enzymes, but not the ER-retrieval especially through the
glycosylation enzyme recycling pathway, using ER-stable hook. One possible reason for this
outcome may be the incorrect topology and orientation of the targeted proteins. Golgi
enzymes are type Il proteins, containing a short N-terminus in the cytosol, a transmembrane
domain and a giant enzymatic C-terminus in the lumen. We expect that our CRISPR/Cas9
knock-in strategy integrates and expresses the insertion of SBP-EGFP in the luminal domain
of GalT in the C-terminus. To test this hypothesis, we treated the genome-edited cells with
digitonin, a mild nonionic detergent for cell permeabilization, in a series of concentrations
from 10 uM to 250 uM, together with saponin as a positive control. Solely the plasma
membrane was permeabilized at the low concentration of digitonin treatment (10 uM - 20
uM), revealing the posititve immunostaining of Golgi apparatus using anti-GM130 antibodies.
The signals of anti-GalT and anti-GFP antibodies could be detected in the Golgi apparatus
upon the addition of the elevated digitonin concentration at 120 uM - 250 uM; however,
when the Golgi membranes remained intact at the lower digitonin concentration (10-20 uM),
no signals from the immunostaining of anti-GalT and anti-GFP antibodies were found in the
images. These results indicate that both proteins of GalT and GFP were expressed in the

lumen of Golgi apparatus, as what we have designed for CRISPR/Cas9 strategies.
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Fig. 7. Validation of protein topology of SBP-EGFP insert in the genome-edlted cells
through digitonin treatment. (A-B) CRISPR/Cas9 knock-in cell lines in SUMI159 cells
(pool), expressing GalTEN-SBP-EGFP, were fixed with 3% PFA for 10 mins and then treated
with either saponin, or digitonin (from 10 uM - 250 uM) for 10 mins. Cells were then washed
with PBS for 3 times and incubated with anti-GalT, anti-GFP, and anti-GM 130 antibodies for
30 mins, followed by the secondary antibodies as indicated. Scale bar: 20 um.
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Aside from validation of the protein topology of SBP-EGFP insert, the correlated
transmission electron microscopy was performed to examine the localization of endogenous
GalT and the insertion of EGFP in the genome-edited cells. Thanks to Severine Divoux, the
immunogold staining of anti-GalT antibodies and PAG10 were found in the frans- and post-
Golgi vesicles, co-localized with anti-EGFP antibodies and PAG15. These results indicated
that the protein expression of the knock-in SBP-EGFP cassette does not show ectopic

localization.

Str-KDEL_GalTEN-SBP-EGFP
. aGalT-PAG10

e aEGFP-PAG15
+Biotin - +A_L'S-3

cis-Golgi

trans-Golgi

cis-Golgi

trans-Golgi

Fig. 8. Localization of GalT=-SBP-EGFP through electron microscopy. CRISPR/Cas9
knock-in cell lines in SUM159 cells (pool), expressing GalT=-SBP-EGFP and Str-KDEL,
were treated with biotin (400 uM) and ALiS-3 (40 uM) for 1.5 hr. Cells were then fixed with
3% PFA for 10 mins and immunogold labeled with anti-GalT and protein A gold conjugate
(PAGI10, 10 nm), together with anti-EGFP antibodies and protein A gold conjugate (PAGIS5,
15 nm).

94



Discussion

Glycosylation serves as a critical feature of proteins and lipids in all living cells. The
large variety of carbohydrate structures are produced in the cells, owing to over hundreds of
different Golgi-resident glycosylation enzymes. It is known that these glycosylation enzymes
have the non-uniform distribution in the Golgi cisternae. The relative position of the enzymes
at steady state often reflects a set of sequential manners of glycan synthesis. Of note, an
aberrant glycosylation pattern represents a hallmark of cancer. Studies have revealed that
dysregulation of Golgi localization of the glycosylation enzymes, such as as GalNAc
transferases and T-synthase (also known as C1GalT1) contribute to several types of cancers
(Egea et al., 1993; Ju et al., 2008). These findings bring up the importance of glycosylation
enzymes positioning in the Golgi apparatus, the transport and recycling mechanisms between

ER and Golgi apparatus.

Among the seven members of B-1, 4-galactosyltransferase gene (B4GalT) family,
B4GalT1 is the first enzyme to be identified and characterized, residing in the trans-Golgi
cisternae and TGN (Roth and Berger, 1982; Rabouille et al., 1995). The mechanisms of
glycosyltransferase retention have been proposed — bilayer thickness model and protein
aggregation (or kin-recognition), based on the observation of homo-/hetero-/oligomerization
of Golgi-resident enzymes, which prevented their entry into vesicle trafficking and could be
in turn retained in the certain Golgi cisternae (Nilsson et al. 1994; Banfield, 2011). Studies
have proposed the kin recognition model of the enzyme heteromers GalNTI1-Manll and
B4GalT1-ST6Gall in the Golgi apparatus (de Graffenried and Bertozzi, 2004). This may
explain why our attempts to observe the Golgi-to-ER retrograde transport of endogenous
B4GalT1 did not reach to our expectation. It is possible that the endogenous B4GalTl
aggregates to form heteromers with ST6Gall or oligomers, which prevents the streptavidin

from accessing SBP, and thus avoids the retrograde transport from Golgi back to ER.

Localization of KDEL receptors

We have observed that endogenous B4GalT1 in both genome-edited HeLa and SUM159
cell lines do not recycle from Golgi apparatus back to ER, through KDEL-mediated
retrograde transport. KDEL receptors were found predominantly localized to the intermediate
compartment, colocalizing with Rabl in the cell periphery during interphase, or close to

Golgi during metaphase (Saraste and Marie, 2018). In addition, KDEL receptors can
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distribute further to the distal end of #rans-Golgi region and even plasma membranes (Jia et
al., 2021; Miesenbdck and Rothman, 1995). Through CRISPR-cas9 knock-in strategy, the
endogenous KDEL receptors were detected on the cell surface, capturing and internalizing
the fluorescent KDEL peptide (Jia et al., 2021). Hence, stochastic optical reconstruction
microscopy (STORM) can be used to visualize the detailed insights of KDEL receptor
positioning on different Golgi cisternae in high-resolution, which may in turn interfere with
the ER-retrieval of some glycosylation enzymes. This model may explain how the spatial
distribution of 3 KDEL receptors serves an important role in the KDEL-mediated retrograde

transport.

RUSH assay with ER-stable hooks

Studies in crystal structures have revealed that one tetrameric streptavidin is essential
to capture two SBP tags (Barrette-Ng et al., 2013). It indicates that RUSH assay requires 2
times more expression of the hooks than that of the reporter proteins inside cells. However,
invariant chain (Ii) forms as a trimer to enable the localization in the ER (Dixon et al., 2006).
With these findings, we can hardly imagine the protein structure of an invariant chain fused
to streptavidin (Ii-Str) in the ER. Therefore, some targets, such as STIM1 or TRAM, could be
tested as alternative ER-localized hooks, as these proteins were shown to have the stable
expression in the ER (Gorlich, 1993; Tamborero et al., 2011). Or one may propose to test on

monomeric or dimeric form of Streptavidin to improve the ER retrieval (Lim et al., 2011).

Other regulators in Golgi-to-ER retrograde transport

Studies have revealed that different glycosylation enzymes were recycled through
COPI-dependent or Rab6-dependent pathways, as mentioned in the introduction parts. To
identify some regulatory factors in Golgi-ER retrograde transport, siRNA knockdown
experiments, targeting to known regulators, such as Golgi phosphoprotein 3 (GOLPH3),
Conserved Oligomeric Golgi (COG) complex and Rab6, were performed in the above-
mentioned stable cell lines. High-throughput screening can be performed for the future
projects to identify more interesting regulatory factors in these cell lines. Another member of
the golgin family, GORAB, was previously identified at trans-Golgi in the COPI-mediated
retrieval machinery and caused the mislocation of ST6Gall (Witkos et al., 2019). We expect
to highlight different regulators, some involved in the KDEL-mediated pathway and others in
the ER recycling of glycosylation enzymes. A kinetics analysis of two retrograde pathways in

the siRNA depleted cells can together be conducted.
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In summary, we have developed a novel quantitative assay to monitor the anterograde
and retrograde transport between ER and Golgi apparatus in real-time. However, the detailed
mechanisms of re-translocation of glycosylation enzymes from Golgi back to ER still remain
elusive. Using our modified RUSH assay, we are able to 1) describe the kinetics and modes
of transport between Golgi and ER and 2) to identify common and specific regulators
involved in the Golgi-to-ER retrograde transport. Our current results confirm the existence of
two distinct Golgi-to-ER retrograde transport routes, including KDEL-mediated and

glycosylation enzymes recycling pathways.
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RESUME

Les cellules de mammiféres sont caractérisées par la coexistence de plusieurs voies de transport, dont le
transport antérograde et rétrograde. L'appareil de Golgi joue un réle central dans le traitement et le tri des protéines
dans le trafic bidirectionnel. Le systéme Retention Using Selective Hooks (RUSH) permet de synchroniser le
transport des protéines depuis le RE et d'analyser systématiquement les voies sécrétoires. Grace a l'interaction
entre la streptavidine (Str) et un peptide de liaison a la streptavidine (SBP), la protéine rapporteur peut étre retenue
dans le RE et ensuite libérée par I'ajout de biotine. Cependant, la biotine a une grande affinité pour la streptavidine,
ce qui nuit a la réversibilité du test RUSH. Grace aux ligands artificiels de la streptavidine (ALiS), le transport
rétrograde du Golgi vers le RE peut étre analysé a l'aide de I'outil RUSH aprés lab-vage de ALiS. Le test RUSH
réversible a d'abord été mis en place pour étudier deux mécanismes de transport rétrograde depuis Golgi vers le
RE, notamment la voie médiée par le motif KDEL et la voie de recyclage des enzymes de glycosylation. Str-KDEL
ou li-Str ont été utilisées comme protéines d’ancrage et les enzymes golgiennes Manll* (Mannosidase II)-SBP-
EGFP ou ST* (Sialyltransférase)-SBP-GFP ont été utilisées comme rapporteurs RUSH. Notre analyse cinétique a
montré que le transport de I'appareil de Golgi vers le RE de Manll* et de ST* est plus lent par la voie de recyclage
des enzymes de glycosylation que par la voie induite par le motif KDEL. Pour caractériser le réle des facteurs de
régulation dans le transport rétrograde médié par le motif KDEL, nous avons réalisé des expériences d'ARNi ciblant
COG3 et Rab6. Nos données montrent que la déplétion de COG3 entraine un retard dans le transport rétrograde de
Manll* et ST* et que la déplétion de Rab6 entraine une altération du trafic de ST*, ce qui est cohérent avec les
études précédentes. Nos données confirment 'existence et la différence de cinétique du transport rétrograde Golgi-
RE dépendant du motif KDEL et le recyclage des enzymes golgiennes de glycosylation.

Enfin, nous avons synchronisé le transport des enzymes golgiennes de glycosylation endogénes en utilisant des
approches de knock-in CRISPR-Cas9 ou CRISPaint et I'outil RUSH. La distribution subcellulaire de ManlI¥"-SBP-
mNeonGreen, GalNAc-T1%"-SBP-mNeonGreen et B4GalT1""-SBP-EGFP a été détectée dans le Golgi, et nous
avons pu synchroniser leur transport bidirectionnel grace a I'expression de Str-KDEL.

MOTS CLES
Transport intracellulaire des protéines; L'appareil de Golgi; CRISPR-Cas9

ABSTRACT

Mammalian cells are characterized by the co-existence of multiple membrane trafficking pathways and connecting
the different membrane organelles. The Golgi apparatus has a central role in processing and sorting cargos in the bi-
directional trafficking. The Retention Using Selective Hooks (RUSH) system allows to synchronize the transport of
cargos from the ER to the Golgi apparatus and other downstream compartments and to systematically analyze the
secretory routes. Owing to the interaction of streptavidin (Str) and streptavidin-binding peptide (SBP), the reporter
protein can be retained in the ER and then released by the addition of biotin. However, biotin has a high affinity to
streptavidin, impairing reversibility of the RUSH assay. With the Atrtificial Ligands of Streptavidin (ALiS), Golgi-to-ER
retrograde transport can be monitored using RUSH upon their washout. The reversible RUSH assay was firstly set
up to study two mechanisms of Golgi-to-ER retrograde transport, including the KDEL-mediated retrieval pathway and
the glycosylation enzyme recycling pathway. Core streptavidin fused with the ER-retention signal (Str-KDEL), or with
the invariant chain (li-Str) were used as hooks. Golgi-resident enzymes, Manll* (Mannosidase 11)-SBP-EGFP or ST*
(Sialyltransferase)-SBP-GFP served as Golgi-targeted RUSH reporters. Our kinetic analysis showed that the Golgi-
to-ER transport of Manll* and ST* are both slower through the glycosylation enzyme recycling pathway than the
KDEL-meditated retrieval pathway. To characterize the role of putative regulatory factors in KDEL-mediated
retrograde transport, we performed RNAi experiments targeting to COG3 and Rab6. Our data showed that
knockdown of COG3 resulted in delayed retrograde transport of Manll* and ST*, and the depletion of Rab6 led to
impaired trafficking of ST*, consistent with the previous studies. Our data indicated that there are two distinct
pathways regulating the retrograde transport of Golgi cargos, including KDEL-mediated ER retrieval and ER
recycling of Golgi glycosylation enzymes.

Lastly, we have generated endogenous tagged Golgi glycosylation enzymes using CRISPR-Cas9 or CRISPaint
knock-in approaches and applied the reversible RUSH assays in the selected clones. The subcellular distribution of
endogenous ManlI¥-SBP-mNeonGreen, GalNAc-T1™V-SBP-mNeonGreen and B4GalT1®N-SBP-EGFP were
detected in Golgi, and we were able to synchronize the bidirectional transport through the expression of Str-KDEL.
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Intracellular protein transport; Golgi apparatus; CRISPR-Cas9




