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The Golgi-associated retrograde protein (GARP) 
complex plays an essential role in the 
maintenance of the Golgi glycosylation 
machinery

ABSTRACT The Golgi complex is a central hub for intracellular protein trafficking and glyco-
sylation. Steady-state localization of glycosylation enzymes is achieved by a combination of 
mechanisms involving retention and recycling, but the machinery governing these mecha-
nisms is poorly understood. Herein we show that the Golgi-associated retrograde protein 
(GARP) complex is a critical component of this machinery. Using multiple human cell lines, we 
show that depletion of GARP subunits impairs Golgi modification of N- and O-glycans and 
reduces the stability of glycoproteins and Golgi enzymes. Moreover, GARP-knockout (KO) 
cells exhibit reduced retention of glycosylation enzymes in the Golgi. A RUSH assay shows 
that, in GARP-KO cells, the enzyme beta-1,4-galactosyltransferase 1 is not retained at the 
Golgi complex but instead is missorted to the endolysosomal system. We propose that the 
endosomal system is part of the trafficking itinerary of Golgi enzymes or their recycling adap-
tors and that the GARP complex is essential for recycling and stabilization of the Golgi glyco-
sylation machinery.

INTRODUCTION
The Golgi complex plays a central role in the processing, packaging, 
and sorting of secretory and transmembrane proteins in eukaryotic 
cells (D’Souza et al., 2020). Although the Golgi complex was discov-
ered more than 120 years ago, the molecular mechanisms of intra-
Golgi trafficking and Golgi maintenance are not entirely understood 
(De Matteis et al., 2019). According to the “cisternal maturation” 
model, newly synthesized secretory proteins arrive at the cis-Golgi 
compartment from the ER by vesicular trafficking, and then stay 
within this compartment while it matures, sequentially changing its 

identity from cis to medial to trans (Losev et al., 2006; Glick and 
Nakano, 2009). During this maturation, Golgi-resident glycosylation 
enzymes are recycled continuously from late to early cisternae by 
retrograde trafficking, allowing them to maintain their steady-state 
localization to the Golgi complex (Gleeson, 1998; Ishii et al., 2016). 
However, the exact trafficking itineraries and molecular machinery 
involved in the delivery of these enzymes to their corresponding 
Golgi cisternae are poorly understood. Potential components of this 
machinery are coat proteins, small GTPases, vesicle tethers, and 
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SNAREs implicated in intercompartmental cargo transport in both 
anterograde and retrograde pathways (Bonifacino and Hierro, 2011; 
Cruz and Kim, 2019; D’Souza et al., 2020). Each Golgi cisterna con-
tains different carbohydrate-modifying enzymes. These enzymes 
catalyze the addition (glycosyltransferases) or removal (glycosidases) 
of sugars to/from cargo glycoproteins, as well as the addition of 
sulfate and phosphate groups. Different forms of protein glycosyl-
ation are referred to by their sugar–protein linkage. For instance, 
N-linked glycans are linked to asparagine residues, O-linked glycans 
to serine, threonine or tyrosine residues, C-linked glycans to trypto-
phan residues, and glypiation to the C-terminus of proteins 
(Schjoldager et al., 2020). As a maturing glycoprotein proceeds 
from cis- to trans-Golgi, several Golgi glycosyltransferases add N-
acetylglucosamine, glucose, galactose, mannose, fucose, N-acetyl-
galactosamine, and sialic acid residues, resulting in complex glyco-
sylation of the protein (Stanley, 2011; Schjoldager et al., 2020).

The conserved oligomeric Golgi (COG) complex is the major 
Golgi vesicle tethering complex responsible for the maintenance of 
the Golgi glycosylation machinery (Pokrovskaya et al., 2011; D’Souza 
et al., 2020). Several lines of evidence indicate that COG and an-
other vesicle tethering complex, the Golgi-associated retrograde 
protein (GARP) complex, are functionally interconnected (Laufman 
et al., 2011; D’Souza et al., 2019). In addition, multiple recent 
CRISPR screens identified both COG and GARP as a requirement 
for the entry of viruses and bacterial toxins into the host cells 
(Laufman et al., 2011, 2013; Yamaji et al., 2019). These pathogens 
interact with glycoproteins or glycolipids on the host plasma mem-
brane, suggesting that complete depletion of COG and GARP com-
plexes may alter not only a particular intracellular trafficking step but 
also the cellular glycosylation machinery.

GARP is a multisubunit tethering complex located at the trans-
Golgi network (TGN) where it functions to tether retrograde trans-
port vesicles derived from endosomes (Siniossoglou and Pelham, 
2002; Conibear et al., 2003; Liewen et al., 2005; Pérez-Victoria et al., 
2008, 2010a). GARP comprises four subunits named vacuolar pro-
tein sorting 51 (VPS51), VPS52, VPS53, and VPS54 (Siniossoglou and 
Pelham, 2002; Conibear et al., 2003; Liewen et al., 2005; Pérez-Vic-
toria et al., 2008, 2010b). GARP shares its VPS51, VPS52, and VPS53 
subunits with another complex known as endosome-associated re-
cycling protein (EARP or GARPII) complex, which has an additional 
subunit named VPS50 in place of VPS54 (Gillingham et al., 2014; 
Schindler et al., 2015). GARP complex localization to the TGN is 
dependent on the small GTPases ARFRP1 and ARL5 (Rosa-Ferreira 
et al., 2015; Ishida and Bonifacino, 2019). In yeast, mutation of 
genes encoding any of the GARP subunits inhibits recycling of the 
cargo receptor Vps10 from endosomes to the TGN, leading to the 
missorting and secretion of vacuolar hydrolases (Siniossoglou and 
Pelham, 2002; Conibear et al., 2003). In mammalian cells, GARP 
participates in retrieval of mannose-6-phosphate receptors (MPRs), 
the TGN-resident protein TGN46, and the Niemann-Pick C2 protein 
from endosomes to the TGN (Pérez-Victoria et al., 2008; Wei et al., 
2017). Mutation of GARP subunit genes in mammalian cells cause 
MPR missorting, with consequent secretion of immature cathepsin 
D and lysosomal dysfunction (Pérez-Victoria et al., 2008). GARP de-
pletion also results in alterations of autophagy (Pérez-Victoria et al., 
2010b; Dotiwala et al., 2013), anterograde transport of GPI-an-
chored and transmembrane proteins (Hirata et al., 2015), and sphin-
golipid homeostasis (Fröhlich et al., 2015). Furthermore, mutations 
in GARP subunits have been found to cause neurodevelopmental 
disorders in humans (Feinstein et al., 2014; Hady-Cohen et al., 2018; 
Gershlick et al., 2019; Uwineza et al., 2019), and a mutation in VPS54 
is the cause of progressive motor neuron death in the wobbler 

mouse, an animal model for amyotrophic lateral sclerosis (Schmitt-
John et al., 2005). Inhibition of sphingolipid synthesis showed im-
provement in neuropathology and survival in mutant wobbler mice, 
suggesting that altered sphingolipid homeostasis contributes to the 
pathogenesis of GARP-deficiency disorders (Petit et al., 2020).

In this study, we have examined if glycosylation is disturbed in 
human cells depleted of GARP subunits. Using three different cell 
lines with knockout (KO) of GARP subunits and a combination of 
microscopy and biochemical approaches, we demonstrate defects 
in glycosylation and a reduction in the level of Golgi-resident en-
zymes in GARP-KO cells. We also show that the trans-Golgi enzymes 
beta-1,4-galactosyltransferase 1 (B4GalT1) and alpha-2,6-sialyl-
transferase 1 (ST6Gal1) fail to be retained in the Golgi but are in-
stead mislocalized to endolysosomes in GARP-KO cells. These find-
ings indicate that GARP plays a crucial role in normal Golgi 
glycosylation by mediating the maintenance of the Golgi glycosyl-
ation machinery.

RESULTS
GARP KO in RPE1 and HEK293T cells causes 
N- and O-glycosylation defects
To test if complete depletion of GARP complex activity has an effect 
on the processing of N- and O-linked oligosaccharides of glycopro-
teins, we knocked out the VPS53 (Figure 1A) and VPS54 (Figure 1B) 
subunits of GARP in immortalized retinal pigment epithelial (RPE1) 
cells. These cells were chosen for their noncancerous origin and su-
perior characteristics for microscopy imaging. To test for protein N-
glycosylation defects, nonpermeabilized wild-type (WT) and GARP-
KO cells were stained with Galanthus nivalis (GNL) lectin labeled 
with Alexa 647 (GNL-647). GNL binds terminal 1,3- and 1,6-linked 
mannose residues on N-linked glycans (Bailey Blackburn et al., 
2016) and an increase in binding to the plasma membrane indicates 
expression of underglycosylated N-linked glycoconjugates 
(Pokrovskaya et al., 2011) (Figure 1C). To determine O-glycosylation 
defects, nonpermeabilized WT and GARP-KO cells were stained 
with Helix pomatia agglutinin (HPA) lectin labeled with Alexa 647 
(HPA-647). HPA binds to terminal N-acetylgalactosaminyl residues 
in O-glycans; therefore, increased binding indicates surface expres-
sion of underglycosylated O-linked glycoconjugates (Brooks, 2000) 
(Figure 1D). GARP-KO cell lines showed a significant increase in 
binding of both lectins to the plasma membrane (Figure 1, C–F), 
indicating the presence of altered/immature N- and O-glycosylated 
proteins. To verify the specificity of the KO and of lectin staining, we 
rescued KO cells by stably expressing the corresponding GARP sub-
unit under the control of the COG4 promoter. The use of the COG4 
promoter (Zinia D’Souza and V.L, unpublished data) allowed expres-
sion of GARP subunits at near-endogenous levels (Figure 1, A and 
B). This expression level was sufficient to completely rescue the Ca-
thepsin D sorting defect in GARP-KO cells (Supplemental Figure 
S1A). Importantly, in rescued cells, a substantial reduction in lectin 
binding to the plasma membrane was observed (Figure 1, C–F), 
confirming that glycosylation defects are directly related to GARP 
complex malfunction.

Lectin blot analysis using GNL-647 and HPA-647 also showed 
abnormal processing of N- and O-linked oligosaccharides in total 
cellular glycoproteins (Figure 1, G–J) and secreted glycoproteins 
(Supplemental Figure S1, B and C) in VPS53- and VPS54-KO RPE1 
cells. These glycosylation defects could also be rescued by stable 
expression of the corresponding genes in the KO cells (Figure 1, 
E–J). From these experiments we concluded that KO of VPS53 or 
VPS54 in RPE1 cells caused N- and O-glycosylation defects in 
plasma membrane, intracellular, and secreted glycoproteins. Similar 
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FIGURE 1: GARP-KO results in Golgi glycosylation defects in RPE1 cells. (A) WB of RPE1 cell lysates from WT, VPS53-
KO, and two VPS53-KO rescued clones expressing VPS53-GFP (R1 and R2) probed with anti-VPS53 antibody. (B) WB of 
RPE1 cell lysates from WT, VPS54-KO, and two VPS54-KO clones rescued with VPS54-13myc (R1 and R2) probed with 
anti-VPS54 antibodies. (C) Staining of nonpermeabilized WT, VPS53-KO, and VPS54-KO RPE1 cells, and the 
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glycosylation abnormalities were detected in VPS53- and VPS54-KO 
HEK293T cells (Supplemental Figure S1, D and E), indicating that 
glycosylation defects in GARP-KO cells are cell line-independent 
and, hence, that the GARP complex plays a general role in oligosac-
charide processing in human cells.

GARP depletion affects the stability and glycosylation of 
Golgi and lysosomal glycoproteins
Defective glycosylation influences the stability of glycoproteins 
(Blackburn et al., 2018), so we reasoned that GARP deficiency might 
affect the stability of Golgi proteins. Indeed, we found that the lev-
els of cis-Golgi GPP130 (Figure 2A), medial-trans-Golgi TMEM165 
(Figure 2B), and TGN-resident TGN46 (Figure 2C) were significantly 
reduced in GARP-KO cells. Importantly, the levels of all three Golgi 
proteins were restored in GARP-KO rescued cells. We also detected 
an electrophoretic mobility shift for all three proteins, indicating 
problems with their secondary modifications. The total level of the 
lysosomal protein LAMP2 (Figure 2D) did not significantly change, 
but the mobility of LAMP2 was increased, indicating altered glyco-
sylation of this protein. A similar pattern was observed in HEK293T 
cells, which also showed a decrease in the levels and increased elec-
trophoretic mobility of GPP130 (Supplemental Figure S2A), 
TMEM165 (Supplemental Figure S2B), and TGN46 (Supplemental 
Figure S2C), and an increase in the mobility of LAMP2 (Supplemen-
tal Figure S2D). We concluded that the absence of GARP results in 
abnormal glycosylation of Golgi and lysosomal proteins, as well as 
reduced levels of Golgi proteins. To further elucidate if these reduc-
tions in protein levels occur only for glycosylated Golgi proteins, we 
examined the stability of nonglycosylated GS15/Bet1L (Figure 2E). 
The result showed a significant reduction in the level of GS15 in 
VPS53-KO and VPS54-KO RPE1 cells, while the rescued cells exhib-
ited normal levels of GS15. In summary, GARP depletion affects the 
stability of multiple glycosylated and nonglycosylated Golgi 
proteins.

GARP-KO affects the stability of key glycosylation enzymes 
in RPE1, HEK293T, and HeLa cells
Defective Golgi glycosylation could result from malfunction, mislo-
calization, and/or destabilization of Golgi enzymes. Indeed, VPS53-
KO and VPS54-KO cells showed a reduction in the protein levels of 
the key N-glycosylation enzymes alpha-1,3-mannosyl-glycoprotein 
2-beta-N-acetylglucosaminyltransferase (MGAT1) (Figure 3A), 
B4GalT1 (Figure 3B), and beta-galactoside alpha-2,6-sialyltransfer-
ase 1 (ST6GalT1) (Figure 3E). We observed an additional low mole-
cular weight band in the ST6Gal1 blot in VPS53-KO RPE1 cells but 
not in VPS54-KO RPE1 cells; this low molecular weight may corre-

spond to partially degraded or under-glycosylated protein. We also 
assessed the localization of B4GalT1 in WT, VPS53-KO, and VPS53-
KO rescued RPE1 cells by immunofluorescence microscopy (Figure 
3D, left panel). We observed that the colocalization of B4GalT1 
with the Golgi-marker GM130 was significantly decreased in 
VPS53-KO (Figure 3D, right panel), indicating that GARP deficiency 
affects both the stability and the localization of B4GalT1. We 
also examined polypeptide N-acetylgalactosaminyltransferase 2 
(GalNacT2), an O-glycosylation enzyme (Lira-Navarrete et al., 
2015), and observed a decrease in the levels of this enzyme in 
VPS53-KO and VPS54-KO cells (Figure 3C). Rescuing the VPS53-
KO and VPS54-KO RPE1 cells by stable expression of the corre-
sponding cDNAs significantly restored the levels and localization of 
N- and O-glycosylation Golgi enzymes (Figure 3, A–E).

In line with these findings, KO of any of the GARP subunits 
(VPS51, VPS52, VPS53, and VPS54) in HeLa cells (Ishida and Boni-
facino, 2019) also caused a significant reduction of MGAT1 (Figure 
3F) and B4GalT1 protein levels (Figure 3G). In contrast, KO of the 
VPS50 subunit of EARP had little or no effect on the protein levels of 
MGAT1 (Figure 3F) and B4GalT1 (Figure 3G), indicating that glyco-
sylation defects are due to a malfunction of the GARP and not the 
EARP complex. Interestingly, GalNacT2 (Supplemental Figure S3D) 
and ST6Gal1 (Supplemental Figure S3E) did not show reduced sta-
bility in HeLa GARP-KO cells, possibly indicating altered Golgi phys-
iology in cancer cells. We also observed reduced protein levels of 
MGAT1 (Supplemental Figure S3A) and B4GalT1 (Supplemental 
Figure S3B) in VPS53-KO and VPS54-KO HEK293T cells. In contrast, 
the protein levels of ST6Gal1 were not reduced (Supplemental 
Figure S3C), but its electrophoretic motility in VPS53- and VPS54-
KO HEK293T cells was altered, consistent with potential defects in 
ST6Gal1 modification and/or with partial degradation.

The defects in Golgi enzyme stability observed in GARP-KO cells 
are similar to those previously described in COG-KO cells (Black-
burn et al., 2018; D’Souza et al., 2019), so we tested if GARP deple-
tion affects COG localization and/or stability. We found that this was 
not the case, as both localization (Supplemental Figure S4A) and 
levels (Supplemental Figure S4B) of COG subunits were unaltered in 
GARP-KO cells. We concluded that depletion of the GARP complex 
specifically affects the stability of key glycosylation enzymes in all 
tested human cell lines.

ST6Gal1 is not retained in the Golgi complex in 
GARP-KO cells
The GARP complex is localized to the TGN (Bonifacino and Hierro, 
2011); therefore, we hypothesized that in GARP-deficient cells, 
newly synthesized glycosylation enzymes may not be efficiently 

corresponding rescued cells with the fluorescently conjugated lectin GNL-647 (specific for terminal α-D-mannosyl 
residues). (D) Staining of nonpermeabilized WT, VPS53-KO, and VPS54-KO RPE1 cells and the corresponding rescued 
cells with the fluorescently conjugated lectin HPA-647 (specific for terminal GalNAc residues). (E) Quantification of 
GNL-647 binding was done on the basis of the total GNL-647 signal per field. Three different fields were used for the 
quantification of GNL-647 binding and each field included approximately 80 cells. The y-axis in the bar graph represents 
relative binding of GNL-647 to the surface of WT, GARP-KOs, and rescued RPE1 cells in arbitrary units. Bar graphs with 
error bars represent mean ± SD. (F) Quantification of HPA-647 binding was done on the basis of the total HPA-647 
signal per field. Bar graphs with error bars represent mean ± SD from three different fields. The y-axis in the bar graph 
represents relative binding of HPA-647 to the surface of WT, GARP-KOs, and rescued RPE1 cells in arbitrary units. 
(G, H) GNL-647 and HPA-647 staining of total proteins from WT, VPS53-KO, and two rescue clones of RPE1 cells (left 
panels) and quantification from three independent experiments (right panels). Values in bar graphs represent the mean 
± SD from three independent experiments. (I, J) GNL-647 and HPA-647 staining of total proteins from WT, VPS54-KO, 
and two rescue clones of RPE1 cells (left panels) and quantification from three independent experiments (right panels). 
Values in bar graphs represent the mean ± SD from three independent experiments. Statistical significance was 
calculated in GraphPad Prism 8 using one-way ANOVA. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
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retained in and/or recycled to the Golgi cisternae and may instead 
be targeted to endolysosomes. To test this hypothesis, we trans-
fected WT and VPS53-KO and VPS54-KO RPE1 cells with plasmids 
encoding RFP-tagged ST6Gal1 (ST-RFP) and GFP-tagged LAMP2 
(LAMP2-GFP) and examined the localization of both proteins rela-
tive to the Golgi marker GM130 at 4 and 20 h after transfection. As 
expected, 4 h was sufficient for ST-RFP to become localized to the 
Golgi complex in both WT and GARP-KO cells (Figure 4A). At 20 h 
after transfection, most of the ST-RFP remained localized to the 
trans-Golgi in WT cells (Figure 4B). In contrast, in VPS53-KO and 
VPS54-KO cells, ST-RFP exhibited partial localization to cytoplasmic 
puncta, the majority of which colocalized with LAMP2-GFP (Figure 
4B). This result revealed that ST-RFP is not efficiently retained in the 
Golgi complex in GARP-KO cells but is instead partially mistargeted 
to the endolysosomal compartment for degradation.

RUSH assay reveals mislocalization of B4GalT1 in 
GARP-KO cells
We next employed the Retention Using Selective Hooks (RUSH) sys-
tem (Boncompain et al., 2012) to examine the transport of the Golgi 
enzyme B4GalT1 in WT and GARP-KO cells. RPE1 cells were trans-
fected with B4GalT1 isoform 1 (Str-KDEL_flB4GalT1-SBP-mCherry) 
to express streptavidin-KDEL as a hook and B4GalT1-SBP-mCherry 
as a reporter. Following overnight incubation, biotin and cyclohexi-
mide were added to release B4GalT1-SBP-mCherry from ER reten-
tion. Samples were analyzed at 0, 2, and 6 h after ER release to 
compare the intracellular trafficking of B4GalT1 in WT and GARP-
KO cells. Staining for the ER marker PDI (shown in green) revealed, 
as expected, that B4GalT1 (shown in magenta) was localized to the 
ER in the absence of biotin (0 h) in WT, VPS53-KO, and VPS54-KO 
cells (Figure 5A). Two hours after the addition of biotin, B4GalT1 
moved to the perinuclear area, where it colocalized with the cis-
Golgi marker GM130 (Figure 5B) in both WT and GARP-KO cells, 
indicating that ER-Golgi traffic is unaltered in these cells. Six hours 
after release from the ER (Figure 5C, left panel), B4GalT1 was local-
ized to the Golgi area in WT cells. In contrast, VPS53-KO and VPS54-
KO cells showed a dramatic decrease in B4GalT1 colocalization with 
GM130 (Figure 5C, right panel) and the appearance of B4GalT1 in 
multiple puncta that partially colocalized with the endolysosomal 
marker CD63 (Figure 5D). We also confirmed that the colocalization 
of B4GalT1 and GM130 was similar in cells with different expression 
levels of B4GalT1-mCherry (Supplemental Figure S5A). Similarly, 
B4GalT1/MAN2A RUSH assay for 1 h in HeLa WT and VPS54-KO 
cells showed Golgi localization of enzymes (Supplemental Figure 
S5B). However, 6 h after ER release, both B4GalT1-mCherry and 
MAN2A-GFP were mislocalized to off-Golgi puncta-like structures in 
VPS54-KO cells (Supplemental Figure S5C).

Taken together, these results indicate that GARP is essential for 
proper localization of Golgi enzymes in different cell types.

RUSH assay reveals mislocalization of B4GalT1 in GARP 
(VPS54 KO), but not in EARP (VPS50 KO) HeLa cells
To further verify that the retrieval of Golgi enzymes is GARP but not 
EARP dependent, we performed a RUSH assay in HeLa cells lacking 
unique GARP (i.e., VPS54) and EARP (i.e., VPS50) subunits. HeLa 
WT, VPS50-KO, and VPS54-KO cells were transfected to express 
B4GalT1 isoform 1 (Str-KDEL_flB4GalT1-SBP-mCherry). Following 
overnight incubation in biotin-free medium, biotin (40 µM) and cy-
cloheximide (50 µM) were added for 6 h to release B4GalT1-SBP-
mCherry from ER retention and to inhibit new protein synthesis, re-
spectively. The cells were then stained for GM130 as a marker of the 
Golgi complex. WT and VPS50-KO HeLa cells showed striking 

colocalization of GM130 and B4GalT1 in the Golgi region (Figure 
6A, top and middle panels). However, in VPS54-KO HeLa cells, like 
in VPS54-KO RPE1 cells (Figure 5C), a fraction of B4GalT1 was dis-
tributed in punctate structures throughout the cell (Figure 6A, bot-
tom panel). Consequently, the colocalization of B4GalT1 with 
GM130 was significantly decreased in VPS54-KO cells compared 
with WT and VPS50-KO HeLa cells (Figure 6A, right panel). To deter-
mine the identity of B4GalT1-bearing punctate structures, transient 
expression of different GFP-tagged endosomal Rabs (Rab7, Rab9, 
and Rab11) was done and the data revealed that B4GalT1 puncta 
are GFP-Rab9 positive (Figure 6B and unpublished data), indicating 
relocalization to a late endosomal compartment. Taken together, 
our data indicate that Golgi enzymes are not retained in the Golgi 
complex in GARP-deficient cells but are partially relocalized to a late 
endosomal compartment.

Endogenous B4GalT1 can recycle via an endosomal 
compartment
Several proteins, including GPP130, TGN46, and MPR, are known 
to cycle between endosomes and the Golgi complex in a manner 
dependent on the GARP complex (Pérez-Victoria et al., 2008). To 
test if Golgi enzymes can cycle via an endosomal compartment, 
we employed a chloroquine (CQ) treatment procedure. CQ pre-
vents the acidification of endolysosomal compartments and blocks 
transport out of late endosomes. The cis–Golgi-resident protein 
GPP130 was used as a positive control, as it actively redistributes 
to endosomes after CQ treatment (Linstedt et al., 1997). This ex-
periment was performed in HeLa B4GalT1-GFP and RPE1 cells. In 
both cell lines, giantin colocalizes with B4GalT1 and GPP130 in 
control conditions (Figure 7, A and B, top panels). Following 3 h of 
CQ treatment, a fraction of the B4GalT1 colocalized with GPP130 
in endosomal punctate structures away from the Golgi complex 
(Figure 7, A and B, bottom panels). Colocalization of giantin with 
GPP130 (Figure 7C, left panel) or B4GalT1 (Figure 7C, right panel) 
in HeLa cells was significantly decreased in CQ-treated cells, con-
sistent with the decrease in colocalization between giantin with 
GPP130 (Figure 7D, left panel) or B4GalT1 (Figure 7D, right panel) 
in RPE1 cells.

To compare B4GalT1 and GPP130 recycling rates, we shortened 
CQ treatment to 90 min (Supplemental Figure S6, A and B). The 
short CQ treatment was sufficient to mislocalize a significant fraction 
of B4GalT1 away from the Golgi (Supplemental Figure S6, C, D, left 
panel), while GPP130 relocation from the Golgi was visible, but not 
statistically significant (Supplemental Figure S6, C, D, right panel), 
indicating that B4GalT1 Golgi-endosomal cycling rates are faster or 
similar to the cycling rates of GPP130.

Furthermore, a 3 h washout after CQ treatment resulted in relo-
calization of both B4GalT1 and GPP130 back to the Golgi (Supple-
mental Figure S7, A and B, bottom panels). As a result, colocaliza-
tion of giantin with B4GalT1 after CQ washout was significantly 
restored both in HeLa (Supplemental Figure S7C) and in RPE1 (Sup-
plemental Figure S7D) cells. These data indicate that the intracellu-
lar trafficking of B4GalT1 is similar to that of GPP130 and that a 
trans-Golgi enzyme can be relocalized to the endosomal compart-
ment and possesses information for its return to the Golgi.

DISCUSSION
In this study, we have demonstrated that the GARP complex is im-
portant for the proper modification of oligosaccharide chains of gly-
coproteins in the Golgi complex. Using multiple cell lines, we dis-
covered that complete depletion of two GARP subunits (VPS53 and 
VPS54) is detrimental for the modification of both N- and O-linked 
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oligosaccharides and the stability of glycoproteins and components 
of the Golgi glycosylation machinery.

In addition to the Golgi glycosylation defect, our results demon-
strated a reduction in the levels of several Golgi-glycosylated and 

-nonglycosylated proteins and an increase in electrophoretic mobil-
ity of LAMP2 in GARP-KO cells. Two of the tested glycoproteins 
(TGN46 and GPP130) are known to cycle via endosomal compart-
ments (Natarajan and Linstedt, 2004; Pérez-Victoria et al., 2008) and 

FIGURE 2: GARP-KO alters the glycosylation of Golgi and lysosomal glycoproteins in RPE1 cells. (A-E) WB (top panel) 
and quantification (bottom panel) of (A) GPP130, (B) TMEM165, (C) TGN46, (D) LAMP2, and (E) GS15/Bet1L in WT, 
VPS53-KO, VPS54-KO, and the corresponding rescued RPE1 cells. Quantification of the blots were done by Image 
Studio and graphs were prepared in GraphPad Prism 8. Values represent the mean ± SD from three independent 
experiments. Statistical significance was calculated using one-way ANOVA. ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01.
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FIGURE 3: GARP-KO affects the stability of key N- and O- Golgi glycosylation enzymes in RPE1 and HeLa cells. 
(A–C) WB (top panel) and quantification (bottom panels) of MGAT1 (A), B4GalT1 (B), and GalNacT2 (C) in WT, VPS53-
KO, VPS54-KO, and the corresponding rescued RPE1 cells. (D) WT, VPS53-KO, and VPS53-KO rescued RPE1 cells were 
co-stained for endogenous B4GalT1 (green) and GM130 (magenta), and images were taken (left panel). Colocalization 
of B4GalT1 with GM130 was determined by calculation of the Pearson’s correlation coefficient (right panel). At least 
30 cells were imaged per sample for the quantification. Each dot in the bar graph (right panel) represents the 
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their retrieval to the Golgi complex is likely enabled by the GARP 
complex. We also observed alterations in the localization and stabil-
ity of multiple Golgi glycosyltransferases in GARP-KO cells. On the 
basis of these results, we propose that glycosylation defects in 
GARP-KO cells are directly linked to altered stability of the glycosyl-
ation machinery due to mislocalization of Golgi glycosyltransferases 
(Figure 8). The stability and localization of Golgi enzymes was unal-
tered in VPS50-KO cells, indicating that only GARP (VPS51-54), and 
not EARP (VPS50-53), is needed for the maintenance of the Golgi 
glycosylation machinery. There might be several reasons for the re-
duction in stability of Golgi-resident glycosyltransferases in GARP-
KO cells. One reason might be a failure in the retrieval of glycosyl-
transferases to their corresponding Golgi cisternae. As a 
consequence, these Golgi enzymes would be unable to maintain 
their proper steady-state localization and meet their substrates. This 
would be similar to COG subunit mutants, which exhibit a reduction 
in the Golgi localization of B4GalT1 and MGAT1 (Foulquier et al., 
2006; Blackburn et al., 2018). Another reason might be the mislocal-
ization of Golgi-resident enzymes away from the Golgi to other or-
ganelles. This would be similar to observations in COG4-KO cells, 
which showed mislocalization of the Golgi enzyme ST6Gal1 tagged 
with RFP to enlarged endolysosomes (EELs), indicating that these 
Golgi-resident enzymes can be degraded in EELs (D’Souza et al., 
2019). Our results showed increased colocalization of ST6Gal1 with 
LAMP2 (Figure 4B) and B4GalT1 with CD63 and GFP-Rab9 (Figures 
5D and 6B). Glycosylation abnormalities were previously described 
in cells depleted for another Golgi vesicle-tethering complex, COG 
(Pokrovskaya et al., 2011), and GARP and COG were shown to func-
tionally interact via VPS51 (Luo et al., 2011) and a STX16-containing 
SNARE complex (Pérez-Victoria and Bonifacino, 2009; Willett et al., 
2013). Therefore, one possibility was that GARP depletion affects 
COG complex function. However, both the localization and the sta-
bility of COG complex subunits were unaltered in GARP-KO cells, 
indicating that the glycosylation defects observed in this study are 
directly related to GARP. Side-by-side comparison of glycosylation 
defects in HEK293T and RPE1 cells depleted for multiple COG and 
GARP subunits showed that stability of the tested Golgi enzymes 
was altered to a comparable degree, but the N- and O-glycosyl-
ation defects were less severe in GARP-KO cells (A.K., T.K, V.V.L., 
unpublished data), indicating that COG deficiency affects either a 
wider range or a different subset of Golgi glycosylation machinery.

The effect of GARP depletion on the Golgi glycosylation machin-
ery was unexpected, since current models for trafficking and reten-
tion of Golgi enzymes include only intra-Golgi and Golgi-ER cycling 
pathways (Storrie et al., 1998; Pérez-Victoria et al., 2008; Martínez-
Menárguez, 2013). The GARP complex is predicted to work as a 
vesicular tether for docking and fusion at the trans-Golgi/TGN com-
partment (Pérez-Victoria and Bonifacino, 2009). If this prediction is 
correct, one would expect accumulation of nontethered vesicles in 
cells deficient for GARP complex subunits. Our results did not reveal 
accumulation of endogenous or newly synthesized Golgi enzymes 
in vesicle-like structures. The likely explanation for the lack of Golgi 
enzyme-carrying GARP-dependent vesicles is the use of cells 
completely lacking GARP function (GARP KO cells). Our previously 

published work (Willett et al., 2014) that investigated cells depleted 
for another Golgi vesicular tether, COG complex, demonstrated 
that CCD (COG-complex dependent) vesicle accumulation occurred 
transiently only after the acute (2–6 d) but not prolonged (9 d) 
depletion of COG complex subunits, indicating a transient nature of 
vesicle accumulation.

Golgi-resident proteins are concentrated in “proper” Golgi sub-
compartments by a combination of retention and retrieval mecha-
nisms (Banfield, 2011), but for the majority of Golgi enzymes the 
localization mechanisms are still enigmatic. One model proposed 
that the thickness of the lipid bilayer is important for the proper lo-
calization and retention of transmembrane proteins (Welch and 
Munro, 2019). Other models rely on efficient intra-Golgi and Golgi-
ER recycling (Mironov and Beznoussenko, 2012; Sengupta et al., 
2015). Recycling is achieved by packaging of Golgi-resident pro-
teins into COPI vesicles (Gaynor et al., 1998), although COPI-inde-
pendent Golgi-ER recycling was also described (Storrie et al., 2000). 
A small subset of enzymes depends on direct interaction with COPI 
(Liu et al., 2018), while another subset uses the GOLPH3 adaptor for 
interaction with COPI (Eckert et al., 2014). There are multiple sce-
narios for how GARP deficiency may affect the maintenance of 
Golgi enzymes. In the “indirect” models, GARP deficiency may af-
fect the thickness of TGN membranes (by somehow altering lipid 
balance in this compartment), Golgi pH, ion homeostasis, or proper 
retrieval of enzyme adaptors. Our preliminary analysis indicates that 
the cholesterol content of the Golgi and localization of COPI coat 
are not severely altered in GARP-KO cells and that glycosylation 
defects observed in GOLPH3/GOLPH3L double-KO cells are less 
severe than in GARP-depleted cells (T.K., V.V.L. unpublished obser-
vation). In the “direct “model, GARP deficiency may affect recycling 
of a subset Golgi enzymes and enzyme receptors via the endosomal 
compartment (Figure 8). One possibility is that Golgi enzymes could 
bind and follow secretory proteins during the glycosylation process 
and, therefore, have to be retrieved from post-Golgi compartments. 
Another possibility is that the Golgi enzymes pass the endosomes 
as a part of their quality control mechanisms.

It is important to note that GARP deficiency affects not only en-
zymes located at the trans-Golgi (B4GalT1 and ST6Gal1) but also 
enzymes located in earlier Golgi compartments (MGAT1, MAN2A, 
and GalNacT2). The loss of MGAT1 activity in GARP-deficient cells 
is also supported by GNL binding data (Figure 1C). GNL binds to 
immature terminal mannose residues in N-glycans, and MGAT1 ac-
tivity is primarily responsible for the addition of GlcNAc to the grow-
ing N-glycan chain (Chen and Stanley, 2003). The lack of MGAT1 
activity in both VPS54-KO and VPS53-KO cells results in higher 
binding of GNL-647 to the plasma membrane of GARP-deficient 
cells. Although both MGAT1 and B4GalT1 were found in COPI ves-
icles, these enzymes do not bind the COPI coat directly and the 
nature of a possible adaptor is still unknown.

Interestingly, live-cell imaging of WT HeLa cells co-expressing 
endogenously tagged B4GalT1-GFP and exogenous ST-RFP re-
vealed that both enzymes appeared not only in the Golgi cisternae 
and multiple vesicular structures, but also in the tubular sorting/late 
endosomelike compartment (Supplemental Movie S1), indicating 

colocalization of GM130 and B4GalT1 in several (1 to 10) cells imaged per field. (E) WB (top panel) and quantification 
(bottom panels) of ST6Gal1 in WT, VPS53-KO, VPS54-KO, and the corresponding rescued RPE1 cells. For quantification 
of ST6Gal1 blot, the additional low molecular weight band in VPS53-KO cells was not included. (F, G) WB (top panel) 
and quantification (bottom panels) of MGAT1 (F) and B4GalT1 (G) in WT, VPS50-, VPS51-, VPS52-, VPS53-, and VPS54-
KO HeLa cells. Values in bar graphs represent the mean ± SD from three independent experiments. Statistical 
significance was calculated using one-way ANOVA. ****P ≤ 0.0001, ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05.
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FIGURE 4: ST-RFP is not retained in the Golgi in GARP-deficient RPE1 cells. (A) WT, VPS53-KO, and VPS54-KO RPE1 
cells were co-transfected with plasmids encoding ST-RFP and LAMP2-GFP for 4 h, followed by staining for the Golgi 
marker GM130. Microscopic images in A show individual channels in grayscale on top of each merged image. Bottom 
panels in A are the line scan plots of relative intensity over distance that demonstrates the overlap between the 
channels. Line scan analysis was done using ImageJ. (B) WT, VPS53-KO and VPS54-KO RPE1 cells were co-transfected 
with plasmids encoding ST-RFP and LAMP2-GFP for 20 h, followed by staining for the Golgi marker GM130. Insets are 
zoomed in views of the small white-boxed areas (10× inset). Colocalization of ST-RFP with LAMP2-GFP was determined 
by calculation of the Pearson’s correlation coefficient (right panel) in approximately 20 cells. Statistical significance was 
calculated using one-way ANOVA. ****P ≤ 0.0001.
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that this compartment could be a part of the normal trafficking itin-
erary for Golgi enzymes, and that defects in GARP-mediated re-
trieval from this compartment may cause mislocalization and degra-
dation of the enzymes, causing numerous glycosylation defects 
(Figure 8). Importantly, endogenous B4GalT1 can be redistributed 
to an endosomal compartment in CQ-treated cells and returned 
back to the Golgi after CQ washout, indicating that at least some 
Golgi enzymes can travel to endosomal compartments and possess 
information for their return to the Golgi complex, likely in a GARP-
dependent manner. Our result is in agreement with an earlier study 
where exposure of cells to CQ for 24 h resulted in mislocalization of 
B4GalT1 (Rivinoja et al., 2009). While we propose that GARP regu-
lates stability and proper localization of Golgi enzymes by recycling 

Golgi enzymes or associated adaptors from endosomes to the 
Golgi complex, another recent study indicates that four Golgi en-
zymes (MGAT2, B4GalT7, B3GalT6, and POMGNT1) are retrieved 
back to the Golgi complex from the plasma membrane (Sun et al., 
2021). These studies and our data indicate that a subset of Golgi 
enzymes possess signal(s) for their recycling from post-Golgi com-
partments. Future experiments should test if the GARP complex 
could directly tether vesicles that recycle Golgi enzymes.

Our findings may be relevant to the pathogenesis of GARP-defi-
ciency syndrome in humans (Feinstein et al., 2014; Hady-Cohen 
et al., 2018; Gershlick et al., 2019; Uwineza et al., 2019). Indeed, a 
patient with a neurodevelopmental disorder caused by mutations 
in the VPS51 subunit of GARP and EARP was shown to exhibit 

FIGURE 5: RUSH assay reveals mislocalization of B4GalT1 to endolysosomes in GARP-KO RPE1 cells. RPE1 cells were 
transfected with plasmids encoding Str-KDEL_flB4GalT1-SBP-mCherry in biotin-free medium. Following overnight 
incubation, biotin (40 µM) and cycloheximide (50 µM) were added for 0, 2, and 6 h. (A) Colocalization of B4GalT1 with 
ER marker PDI at time 0. (B, C) Colocalization of B4GalT1 with Golgi protein GM130 at 2 h (B) and 6 h (C). The graph on 
the right side of C shows the quantification of B4GalT1 and GM130 colocalization at 6 h of biotin/cycloheximide 
addition. Values in the bar graph represent the mean ± SD of the colocalization between B4GalT1 and GM130 in 
approximately 40 cells in WT and VPS54-KOs. Colocalization in VPS53-KO cells was measured using each field in 
approximately 20 cells. Statistical significance was calculated using one-way ANOVA. ****P ≤ 0.0001. (D) Colocalization 
of B4GalT1, GM130 and the endolysosomal marker CD63 after addition of biotin/cycloheximide mix for 6 h. 
Quantification of the colocalization between CD63 and B4GalT1 was done by Pearson’s correlation coefficient analysis 
in approximately 25 cells. Statistical significance was calculated using one-way ANOVA. ****P ≤ 0.0001, *P ≤ 0.05.
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abnormal glycosylation of cellular and serum glycoproteins, reminis-
cent of congenital disorders of glycosylation (Gershlick et al., 2019). 
These defects could result from the loss of glycosylation enzymes 
from the Golgi complex described here, thus shedding light on po-
tential mechanisms for this syndrome.

In summary, we have demonstrated that the GARP-KO human 
cells have defects in Golgi processing of N- and O-linked oligosac-
charides. Moreover, GARP-KO cells are unable to retain the tested 
Golgi glycosylation enzymes. Hence, the GARP complex is a new 
component of the cellular machinery that regulates the proper local-
ization and abundance of Golgi enzymes.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture
hTERT RPE1 and HEK293T cells used for all experiments were pur-
chased from ATCC. HeLa-KO used in the study were previously de-
scribed (Ishida and Bonifacino, 2019). RPE1, HEK293T, and HeLa 
cells were cultured in DMEM containing Nutrient mixture F-12 
(Corning) supplemented with 10% fetal bovine serum (FBS) (Thermo 
Fisher). Cells were incubated in a 37°C incubator with 5% CO2 and 
90% humidity.

FIGURE 6: RUSH assay reveals mislocalization of B4GalT1 in GARP- (VPS54-KOs), but not in EARP- (VPS50-KO)-
deficient HeLa cells. (A) HeLa WT, VPS50-KO, and VPS54-KO cells were transfected with plasmids encoding Str-KDEL_
flB4GalT1-SBP-mCherry. Following overnight incubation, the cells were chased with biotin/cycloheximide mix for 6 h. 
Cells were stained with GM130 as a Golgi marker. Quantification of colocalization of GM130 with B4GalT1 was done 
using Pearson’s correlation coefficient (right panel). Each dot on the bar graph indicates the colocalization in cells per 
field (bottom left corner; 10× inset). Statistical analysis was done using GraphPad Prism one way ANOVA software in 
30 WT, VPS50-KO, and VPS54-KO cells. *P ≤ 0.05. (B) HeLa VPS54-KO cells were cotransfected with plasmids encoding 
Str-KDEL_flB4GalT1-SBP-mCherry and GFP-Rab 9. After overnight incubation, the cells were chased with biotin/
cycloheximide mix for 6 h. Cells were stained with GM130 as a Golgi marker. Insets with white arrows indicate the 
endocytic GFP-Rab9-positive vesicles filled with B4GalT1-mCherry in VPS54-KO cells (top right corner; 10× inset).

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e21-04-0169
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FIGURE 7: B4GalT1 is efficiently relocalized to an endosomal compartment in response to CQ treatment. (A) HeLa cells 
expressing endogenously tagged B4GalT1-GFP were left untreated or treated for 3 h with 0.1 mM CQ and stained for 
giantin and GPP130. (B) RPE1 WT cells were left untreated or treated for 3 h with 0.1 mM CQ and stained for giantin, 
GPP130, and B4GalT1. Arrows in the merged image indicate putative endocytic vesicles. (C) Quantification of 
colocalization of GPP130 (left panel) and B4GalT1-GFP (right panel) with giantin in 40 cells using Pearson’s correlation 
coefficient (HeLa cells). (D) Quantification of colocalization of GPP130 (left panel) and B4GalT1 (right panel) with giantin 
in 40 cells using Pearson’s correlation coefficient (RPE1 cells). Statistical analysis was done using GraphPad Prism (paired 
t test). Each dot on the bar graph indicates the colocalization in cells per field. ****P ≤ 0.0001, ***P ≤ 0.001, *P ≤ 0.05.
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Creation of VPS53- and VPS54-KO stable cell lines
To create RPE1 VPS53 and VPS54 stable KOs, dual gRNAs were 
purchased from Transomic with the following target sequences:

For VPS53-KO

transEDIT-dual CRISPR for VPS53 (TEDH-1088057)

grna-a: GCATTGAAATCTGCTCGATCTAGAGGGTCC

grna-b: TGACAATATTCGAACTGTTGTAAGAGGTCA

transEDIT-dual CRISPR for VPS53 (TEDH-1088055)

grna-a: ATGCACCACTCACGTGGAAACATGCGGCCG

grna-b: CTGGAGCACTTCCACAAGTATATGGGGATT

transEDIT-dual CRISPR for VPS53 (TEDH- 1088056)

grna-a: CCAAGATTATGCGTACCAGAGCGAAGGAAA

grna-b: CCGCAGATCCGGCAGCTTTCCGAAAGGTAA

For VPS54-KO

transEDIT-dual CRISPR for VPS54 (TEDHG1001)

grna-a: ACAAATATTCCTGAAACAGGCAGAAGGAAC

grna-b: ATCTAGAAAGTGTTATGAATTCCATGGAAT

transEDIT-dual CRISPR for VPS54 (TEDHG1001)

grna-a: CAAAAGATAATTCACTGGACACAGAGGTGG

grna-b: CATTCTACCTCCCACAGATCAGCAAGGAAC

transEDIT-dual CRISPR for VPS54 (TEDHG1001)

grna-a: CTTAACTCTGTAGCCACAGAAGAAAGGAAA

grna-b: GTAAGCATGTCAGTAGTAACAGATGGGATG

An RPE1-Cas9 stable cell line was created by lentiviral transduction 
with a plasmid encoding FLAG-tagged Cas9. HEK293FT cells were 
used for the generation of lentiviral particles. Equal amounts of the 

three lentiviral packaging plasmids pMD2.G, pRSV-Rev, and pM-
DLg/pRRE, plus destination plasmid pLenti Cas9-Blast, were used. 
Briefly, transfected HEK293FT cells were placed in serum-reduced 
Opti-MEM with 25 µm CQ and GlutaMAX. The next day, the me-
dium was changed to Opti-MEM supplemented with GlutaMAX. At 
72 h after transfection, the medium was collected, and cell debris 
was removed by centrifugation at 600 × g for 10 min. The superna-
tant was passed through a 0.45-µm polyethersulfone membrane fil-
ter and lentiviral medium was stored at 4°C overnight; 1 ml of this 
lentiviral medium was used to transduce RPE1 cells on a 10-cm dish 
along with 50 mM sodium butyrate. After 24 h, the medium was 
changed to DMEM/F12 supplemented with 10% FBS and 10 µg/ml 
blasticidin.

After the creation of RPE1-Cas9 stable cell line, these cells 
were transfected with a cocktail of three dual gRNAs specific for 
VPS53 and VPS54. Neon electroporation (Thermo Fisher) was 
used for transfecting cells according to the manufacturer’s proto-
col. TransEDIT-dual CRISPR plasmids express GFP; therefore, the 
efficiency of transfection was estimated by counting GFP-positive 
cells. At 48 h post-transfection, cells were spun down at 600 × g 
and resuspended in cell-sorting medium (phosphate-buffered sa-
line [PBS], 25 mM HEPES, pH 7.0, 2% FBS [heat-inactivated], 1 
mM EDTA. 0.2 µm sterile-filtered). Cell sorting was based on high-
GFP-Alexa Flour 488 fluorescence; cells were sorted into a 96-well 
plate containing culture medium using a BD FACS Aria IIIu cell 
sorter.

At 10–14 d after sorting, the 96-well plates were examined for 
colonies. Wells with colonies were marked and allowed to grow for 
1 wk before expanding. After 14 d, colonies were expanded from 
96-well to 12-well plates using trypsin detachment. Cells were main-
tained in DMEM/F12 medium supplemented with 10% FBS and al-
lowed to grow further. KO of VPS53 and VPS54 was confirmed by 
genome sequencing and Western blot (WB) analysis for absence of 
the targeted protein. All the antibodies used for the western blot 
analysis in the study are listed in Table 1.

FIGURE 8: Proposed model of altered Golgi trafficking in GARP-KO cells. The GARP complex plays a key role in 
recycling of Golgi enzymes and/or enzyme adaptors from endosomes to the Golgi complex. In WT cells (left), the Golgi 
enzymes that modify newly synthesized glycoproteins are constantly recycled back to their corresponding Golgi 
compartments, allowing them to maintain their proper steady-state localization. In contrast, in GARP-KO cells (right) 
Golgi enzymes and/or Golgi enzyme adaptors fail to recycle back to the Golgi complex and are instead delivered to 
lysosomes for degradation. Consequently, there are decreased levels of enzymes in the Golgi and carbohydrate 
modification of glycoproteins is hindered.
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Plasmid preparation, generation of lentiviral particles, and 
stable cell lines
All constructs were generated using standard molecular biology 
techniques and are listed in Table 2.

To generate pLenti COG4 Neo DEST construct, a chromosomal 
DNA fragment encoding the COG4 promoter region was amplified 
from human genomic DNA by PCR using the following forward and 
reverse primers:

Forward: GCTTATCGATTTCCCCCACGTCTGTTTACCA
Reverse: GAATTCTAGACTTGGTCCCCATTCGGCACTT

The amplified fragment was cloned into pLenti CMV Neo DEST 
(705-1) using XbalI and ClaI as restriction sites. Lentiviral particles 
were generated using the HEK293FT cell line as described above.

To generate lentiviruses encoding GARP subunits, hVPS53 (GFP-
tagged), transcript variant 1 (NM_001128159) purchased from 
Origene or mVps54-13myc (Ishida and Bonifacino, 2019) were sub-
cloned into the pENTRA 1A no ccDB (w48-1) entry vector and re-
combined into pLenti COG4 promoter Neo DEST (705-1) destina-

tion vector using Gateway LR Clonase II Enzyme Mix (Thermo Fisher) 
according to the manufacturer’s instructions.

Lentiviral medium (100 µl) with polybrene (10 µg /ml) was used to 
transduce RPE1 cell lines in a 6-well dish. At 24 h after transduction, 
the medium was replaced with 10% FBS without antibiotic in 
DMEM/F12. At 48 h after transduction, the medium was replaced 
with 600 µg/ml G418 selection medium and incubated for 72 h. 
Then, cells were single-sorted into a 96-well plate to obtain clonal 
populations. At 10–14 d after sorting, the 96-well plates were exam-
ined for colonies. Wells with colonies were marked and allowed to 
grow for 1 wk more before expanding. Cells were maintained in 
DMEM/F12 medium with 10% FBS and allowed to grow further. 
Once colonies were split onto 10-cm dishes, aliquots were cryopre-
served in freezing medium (90% FBS plus 10% DMSO).

Preparation of cell lysates and Western blot analysis
For preparation of cell lysates, cells grown on tissue culture dishes 
were washed twice with PBS and lysed in 2% SDS that was heated 
for 5 min at 70°C. Total protein concentration in the cell lysates was 

Antibody Source/Catalog # Species WB dilution IF dilution

COG3 Lupashin lab Mouse 1:1000 1:1000

COG8 Sigma SAB4200427 Rabbit 1:1000 1:500

Giantin Covance PRB-114C Rabbit – 1:1000

GM130 BD Biosciences, 610823 Mouse – 1:500

GM130 CalBiochem, CB1008 Rabbit – 1:300

β-actin Sigma, A5441 Mouse 1:1000 –

TGN46 Bio-Rad, AHP500G Sheep 1:2000 –

CD63 DSHB, H5C6-C Mouse – 1:200

PDI Affinity Bio Reagents, MA3-019 Rabbit – 1:1000

LAMP2 DSHB, H4B4 Mouse 1:500 –

Cathepsin D Sigma, C0715 Mouse 1:500 –

TMEM165 Sigma, HPA038299 Rabbit 1:500 –

MGAT1 Abcam, ab180578 Rabbit 1:500 –

B4GalT1 R&D Systems, AF-3609 Goat 1:500 1:300

ST6Gal1 R&D Systems, AF-5924 Goat 1:500 –

GPP130 Covance, PRB-144C Rabbit 1:1000 –

VPS53 Thermo Fisher, PA520548 Rabbit 1:1000 –

VPS54 St John’s lab, STJ115181 Rabbit 1:1000 –

GALNT2 (GalNacT2) Thermo Fisher, PA521541 Rabbit 1:1000 –

IRDye 680 anti-Mouse LiCOR/926-68170 Goat 1:40000 –

IRDye 800 anti-Rabbit LiCOR/926-32211 Goat 1:40000 –

IRDye 800 anti-Goat LiCOR/926-32214 Donkey 1:40000 –

Alexa Fluor 647 anti-Rabbit Jackson Immuno Research/711-605-152 Donkey 1:500 1:1000

Alexa Fluor 647 anti-Mouse Jackson Immuno Research/715-605-151 Donkey 1:500 1:1000

Alexa Fluor 647 anti-Goat Jackson Immuno Research/ 705-605-147 Donkey – 1:1000

DyLight 647 anti-Sheep Jackson Immuno Research/713-605-147 Donkey – 1:1000

anti-Rabbit Cy3 Jackson Immuno Research/711-165-152 Donkey – 1:1000

anti-Mouse Cy3 Jackson Immuno Research/715-165-151 Donkey 1:500 1:1000

Alexa Fluor 488 anti-Rabbit Jackson Immuno Research/711-545-152 Donkey 1:500 1:1000

Alexa Fluor 488 anti-Mouse Jackson Immuno Research/715-545-151 Donkey 1:500 1:1000

TABLE 1: List of antibodies used.
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measured using the BCA protein assay (Pierce). The protein samples 
were prepared in 6× SDS sample buffer containing beta-mercapto-
ethanol and denatured by incubation at 70°C for 10 min; 10–30 µg 
of protein samples were loaded onto Bio-Rad (4–15%) gradient gels 
or Genescript (8–16%) gradient gels. Gels were transferred onto 
nitrocellulose membranes using the Thermo Scientific Pierce G2 
Fast Blotter. Membranes were rinsed in PBS, blocked in Odyssey 
blocking buffer (LI-COR) for 20 min, and incubated with primary an-
tibodies overnight at 4°C. Membranes were washed with PBS and 
incubated with secondary fluorescently tagged antibodies diluted in 
Odyssey blocking buffer for 60 min. All the primary and secondary 
antibodies used in the study are listed in Table 1. Blots were then 
washed and imaged using the Odyssey Imaging System. Images 
were processed using the LI-COR Image Studio software.

Lectin blotting
To perform blots with fluorescent lectins, 10 µg of cell lysates were 
loaded onto Bio-Rad (4–15%) gradient gels and run at 160V. Next, 
proteins were transferred to nitrocellulose membrane using the 
Thermo Scientific Pierce G2 Fast Blotter. The nitrocellulose mem-
brane was blocked with 3% bovine serum albumin (BSA) for 30 min. 
The lectins HPA or GNL conjugated to Alexa 647 fluorophore were 
diluted 1:1000 in 3% BSA from their stock concentration of 1 and 
5 µg/µl, respectively. Blots were incubated with lectin solutions for 
30 min and then washed in PBS four times for 4 min each and im-
aged using the Odyssey Imaging System.

Secretion assay
Cells were plated in three 6-cm dishes and grown to 90–100% con-
fluency. Cells were then rinsed 3× with PBS and placed in 2 ml se-
rum-free, chemically defined medium (BioWhittaker Pro293a-CDM, 
Lonza) with 1× GlutaMAX (100× stock, Life Technologies) added per 
well. After 36 h, the collected medium was spun down at 3000 × g 
to remove floating cells. The supernatant was concentrated using a 
10k concentrator (Amicon Ultra 10k, Millipore); final concentration 
was 24× that of cell lysates.

Immunofluorescence microscopy
Cells were plated on glass coverslips to 80–90% confluency and 
fixed with 4% paraformaldehyde (PFA) (freshly made from 16% 

stock solution) in PBS for 15 min at room temperature. Cells were 
then permeabilized with 0.1% Triton X-100 for 1 min followed by 
treatment with 50 mM ammonium chloride for 5 min, treated with 
6 M urea for 2 min (only for COG3 staining), and washed with 
PBS. After washing and blocking twice with 1% BSA, 0.1% sapo-
nin in PBS for 10 min, cells were incubated with primary antibody 
(diluted in 1% cold fish gelatin, 0.1% saponin in PBS) for 40 min, 
washed, and incubated with fluorescently conjugated secondary 
antibodies for 30 min. Cells were washed four times with PBS, 
then coverslips were dipped in PBS and water 10 times each and 
mounted on glass microscope slides using Prolong Gold antifade 
reagent (Life Technologies). Cells were imaged with a 63× oil 
1.4 NA objective of a LSM880 Zeiss Laser inverted microscope 
and Airyscan superresolution microscope using ZEN software. 
Quantitative analysis was performed using single-slice confocal 
images. All the microscopic images shown are Z-stacked maxi-
mum intensity projection images.

RUSH assay
The RUSH construct Str-KDEL_flB4GalT1-SBP-mCherry (isoform 
1 of B4GalT1) was transfected into cells using an electropora-
tion-based system or Lipofectamine 3000 reagent protocol. 
Cells were plated on glass coverslips in the presence of biotin-
free medium containing avidin (100 µg/ml) to prevent biotin in 
the medium from interfering with the RUSH reporter. At 16 h 
post-transfection, the medium was changed with biotin-free me-
dium supplemented with biotin (40 µm) and cycloheximide 
(50 µm) for 2 and 6 h, respectively, followed by fixing of cells 
with 4% PFA in PBS. Cells were stained for the ER maker PDI, 
Golgi marker GM130, endolysosomal marker CD63, and micro-
scopic images of cells with moderate expression levels of FP-
tagged proteins were taken.

Statistical analysis
All results are representative of at least three independent experi-
ments. WB images are representative from three repeats. WBs were 
quantified by densitometry using the LI-COR Image Studio soft-
ware. Error bars for all graphs represent SD. Statistical analysis was 
done using one-way ANOVA, two-way ANOVA, or paired t test 
using GraphPad Prism software.

Plasmid name Source Citation

Lenti Cas-9 blast Feng Zhang, Addgene #52962 Sanjana et al., 2014

hVPS53-GFP Origene

pCl-neo-VPS54-13myc Juan Bonifacino Ishida and Bonifacino, 2019

pENTR1A no ccDB (w48-1) Eric Campeau and Paul Kaufman, Addgene #17398 Campeau et al., 2009

pLenti CMV Neo DEST (705-1) Eric Campeau and Paul Kaufman, Addgene #17392 Campeau et al., 2009

pMD2.G Didier Trono, Addgene #12259 Dull et al., 1998

pRSV-Rev Didier Trono, Addgene #12253 Dull et al., 1998

pMDLg/pRRE Didier Trono, Addgene #12251 Dull et al., 1998

hVps53-GFP pLenti COG4 promoter Neo DEST This study This study

mVps54-13myc pLenti COG4 promoter Neo DEST This study This study

pLenti COG4 promoter Neo DEST (705-1) This study This study

LAMP2-GFP Santiago Di Pietro Ambrosio et al., 2012

ST-RFP James Rothman Lavieu et al., 2013

Str-KDEL_flB4GalT1-SBP-mCherry Franck Perez, Addgene #65273 Boncompain et al., 2012

TABLE 2: List of plasmids used.
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