Hydrogen peroxide induces Arl1 degradation

and impairs Golgi-mediated trafficking
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ABSTRACT Reactive oxygen species (ROS)-induced oxidative stress has been associated
with diseases such as amyotrophic lateral sclerosis, stroke, and cancer. While the effect of
ROS on mitochondria and endoplasmic reticulum (ER) has been well documented, its conse-
quence on the Golgi apparatus is less well understood. In this study, we characterized the
Golgi structure and function in Hela cells after exposure to hydrogen peroxide (H,05), a re-
agent commonly used to introduce ROS to cells. Treatment of cells with 1 mM H,O, for
10 min resulted in the degradation of Arl1 and dissociation of GRIP domain-containing pro-
teins Golgin-97 and Golgin-245 from the trans-Golgi. This effect could be rescued by treat-
ment of cells with a ROS scavenger N-acetyl cysteine or protease inhibitors. Structurally,
H,0; treatment reduced the number of cisternal membranes per Golgi stack, suggesting a
loss of trans-Golgi cisternae. Functionally, H,O; treatment inhibited both anterograde and
retrograde protein transport, consistent with the loss of membrane tethers on the trans-
Golgi cisternae. This study revealed membrane tethers at the trans-Golgi as novel specific
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targets of ROS in cells.

INTRODUCTION

In eukaryotic cells the reduction of O, to H,O during ATP genera-
tion in the mitochondria necessarily leads to the production of reac-
tive oxygen species (ROS). ROS can damage various cellular com-
ponents such as lipids, proteins, and nucleic acids. Oxidative stress
of cells occurs when damage to cellular components is high enough
to lead to a constellation of system failures. For example, treatment
of hemoglobin and rat globular basement membrane with hydro-
gen peroxide (HyO,) makes them more susceptible to proteolytic
cleavage (Fligiel et al., 1984; Davies, 2016). In addition, oxygen free
radicals such as superoxide anion, singlet oxygen, hydroxyl, and
perhydroxyl, either generated by the cell or from an external

source, can cause the death of multiple cell types in vitro and are
thought to contribute to many inflammatory conditions (Ahsan
et al., 2003; Singh et al., 2007). High levels of oxidative stress are
often associated with diseases such as cancer, diabetes, atheroscle-
rosis, stroke, and neurodegenerative disorders such as amyotrophic
lateral sclerosis (ALS), in which there is a failure in the cells to reduce
ROS (Nindl et al., 2004; Manoharan et al., 2016).

ROS can damage membrane organelles. For example, oxidation
and thereby inactivation of protein tyrosine phosphatases can in-
crease steady-state protein phosphorylation of elF2a. and endoplas-
mic reticulum (ER) stress through redox inhibition of protein
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phosphatase 1 (Santos et al., 2016). H,O, treatment inactivates
catalase and disrupts mitochondria in Hs27 human fibroblasts, and
increases the secretion of matrix metalloproteases (Koepke et al.,
2008). H,0O; can also damage the fluidity and function of the plasma
membrane in vascular endothelial cells (Block, 1991). So far, how
ROS affects the structure and function of the Golgi apparatus has
not been well documented.

The Golgi is a membrane organelle with a stacked structure that
functions as a trafficking hub in the cell for the delivery of proteins
and lipids to their final destinations. In anterograde trafficking, the
cis-Golgi cisternae receive proteins synthesized by the ER in COPII
vesicles and sends them to the endosomal/lysosomal system, the
plasma membrane, or outside of the cell (Glick and Luini, 2011). In
retrograde trafficking, the trans face of the Golgi receives vesicles
from the plasma membrane and endosomes for subsequent deliv-
ery to the ER (Huang and Wang, 2017). These functions rely on a
group of long coiled-coil proteins called golgins, which act as mem-
brane tethers to capture vesicles and facilitate their fusion with the
Golgi membranes (Lupashin and Sztul, 2005; Xiang and Wang,
2011; Witkos and Lowe, 2015; Muschalik and Munro, 2018). These
include GM130 in the cis-Golgi that functions in ER-to-Golgi traffick-
ing, and a group of four GRIP (“"Golgin-97, ranBP2alpha, imh1p, and
p230/golgin-245") domain—containing proteins, Golgin-97, Gol-
gin-245, GCC88, and GCC185, in the trans-Golgi (Jackson, 2003; Lu
and Hong, 2003; Luke et al., 2003).

The GRIP domain—containing golgins are important for both an-
terograde and retrograde trafficking at the trans-Golgi (Munro,
2011). GCC88 (GRIP and coiled-coil domain containing 88 kDa) and
GCC185 (GRIP and coiled-coil domain containing 185 kDa [also
called GCC2]) have been shown to differ in their membrane binding
properties and localize to distinct subdomains of the trans-Golgi,
and facilitate the sorting and delivery of distinct cargo sets to and
from the trans-Golgi network (TGN; Derby et al., 2004). Golgin-97
and Golgin-245 localize to overlapping but nonidentical subdo-
mains of the TGN and mediate endosome-to-Golgi trafficking (Lu
et al., 2004; Yoshino et al., 2005; Wong and Munro, 2014), but only
Golgin-97 has been implicated in the anterograde trafficking of E-
cadherin to the cell surface (Lock et al., 2005). Therefore, the GRIP
domain tethers regulate the transport of diverse cargo molecules.
The GRIP domain of Golgin-97 and Golgin-245 anchors these gol-
gins to the trans-Golgi by the interaction with Arl1 (ADP-ribosylation
factor-like protein 1), a member of the ARF/Arl family of small
GTPases that is localized on trans-Golgi membranes. Depletion of
Arl1 by RNAI causes dissociation of Golgin-97 and Golgin-245 from
the trans-Golgi membranes and impairs both anterograde and ret-
rograde trafficking at the TGN (Nishimoto-Morita et al., 2009).

In this study we determined the effect of ROS on Golgi structure
and function by acute treatment of cells with H,O,. We found that
H,O, treatment resulted in a reduction of the number of Golgi cis-
ternae in the stacks, a rapid loss of Arl1, and dissociation of Gol-
gin-97 and Golgin-245 from the trans-Golgi, which impaired both
anterograde and retrograde trafficking at the Golgi. This study re-
vealed the trans-Golgi and trafficking at the trans-Golgi as novel
targets of ROS in cells, which may help understand the toxicity of
ROS in human diseases.

RESULTS

H,0, treatment causes specific degradation of Arl1 and its
binding partners Golgin-97 and Golgin-245

Oxidative stress is most frequently studied using hydrogen peroxide
(H,05), a membrane-permeable source of the peroxide ion (O2%)
that is relatively stable in aqueous solutions (Stone and Yang, 2006).
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To investigate the effect of ROS on the Golgi, we applied H,O; to
Hela cells in culture for 10 min with increasing concentrations. Be-
cause it has been previously shown that ROS triggers protein degra-
dation (Pajares et al., 2015), we first examined the effect of H,O,
treatment on the level of Golgi structural proteins by Western blot-
ting. As shown in Figure 1A and Supplemental Figure S1, H,O,
treatment at 1.4 mM, the highest concentration we tested, had no
significant effects on most Golgi structural proteins, including
GCC88, GCC185, GM130, GRASP65, GRASP55, Golgin-160, cat-
ion-independent mannose-6-phosphate receptor (CI-M6PR), and
syntaxin 6. However, Arl1, Golgin-97, and Golgin-245 were signifi-
cantly reduced. In this experiment we also tested a-tubulin, a micro-
tubule protein that has previously been shown to be degraded
upon 200 pM H,O; treatment for 1 or 4 h (Hu and Lu, 2014). How-
ever, total o-tubulin level was unaffected in our experiments, possi-
bly because we used a shorter time for the treatment, indicating that
our experimental condition is milder than that of previous studies.
Syntaxin 6 is an important SNARE protein in TGN trafficking (Bock
et al., 1997), but the level of syntaxin 6 remained unchanged after
H,O, treatment at all concentrations (Supplemental Figure S1).
Based on these results, we chose to use 1 mM H,O; and 10 min for
the treatment in most of our following experiments; at this condition
Arl1, Golgin-97, and Golgin-245 are degraded, whereas GM130
and other Golgi structural proteins did not change.

As an alternative approach, we performed high-speed centrifu-
gation to separate cytosolic proteins from cellular membranes. This
approach allowed us to examine not only the protein level, but also
the membrane association of Arl1 and other proteins. As controls
we used GS28 and actin as markers for membranes and cytosol,
respectively. As shown in Figure 1B, Arl1, Golgin-97, GCC88, and
GCC185 were all partially found in the membrane fraction of control
cells. After H,O, treatment, the protein levels of Arl1 and Golgin-97
in the postnuclear supernatant (PNS) were significantly reduced
compared with the control cells, while GCC88 and GCC185 were
less affected (Figure 1C). We also analyzed the ratio of each protein
in the cytosol versus that in the membrane fraction. H,O, treatment
significantly reduced Golgin-97 in the membrane fractions; other
proteins exhibited a similar trend, though statistically less significant
(Figure 1D). Taken together, these results demonstrate that H,O,
treatment causes specific degradation of Arl1 and its associated
golgins.

H,0, treatment reduces membrane association of GRIP
domain-containing golgins in trans-Golgi

Our results showed that H,O; treatment reduced the protein level
of Arl1, Golgin-97, and Golgin-245 but not the other two GRIP do-
main—containing golgins, GCC88 and GCC185 (Figure 1). To further
confirm that H,O, treatment reduces the level of GRIP domain—con-
taining golgins in the Golgi by an alternative method, we analyzed
their subcellular localization by immunofluorescence microscopy. As
shown in Figure 2, A-D, H,O,; treatment reduced the level of Arl1
and Golgin-97 in the Golgi region indicated by GM130 in a dose-
dependent manner. Similarly, Golgin-245 also reduced its level in
the Golgi region (Figure 2, E and F). Unlike Golgin-97 and Gol-
gin-245, GCC88 and GCC185 signals reduced in the Golgi region
but increased in the cytosol after H,O, treatment (Supplemental
Figure S2, A and B). These results indicate that GCC88 and GCC185
were partially dissociated from the Golgi, although they were not
degraded, consistent with the subcellular fractionation results
(Figure 1, B-D). Taken together, our results indicate that H,O, treat-
ment reduces the level of membrane tethers in the trans-Golgi
membranes.
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FIGURE 1: H,0, treatment causes a loss of Arl1, Golgin-97, and Golgin-245 in cells. (A) Effect of H,O5 treatment on
indicated proteins. Hela cells were treated with the indicated concentrations of HyO, for 10 min and blotted for the
indicated proteins. (B) Distribution of indicated proteins in membrane and cytosolic fractionations. Control (Ctrl) cells
and cells treated with 1 mM H,O0; for 10 min were homogenized with a ball-bearing homogenizer followed by a
low-speed centrifugation to prepare postnuclear supernatant (PNS). The PNS was then subjected to ultracentrifugation
to separate membranes (Mem) from the cytosol (Cyt). Equal proportions of each fraction were loaded onto the gel.
GS28 and actin were used to denote membrane and cytosol fractions, respectively. (C) Relative protein level in the PNS
in HyO,-treated cells vs. that in control cells based on the results shown in B. F.C., fold change. (D) Relative ratio of the

protein level in the cytosolic fraction vs. that in the membrane fraction. Results are shown as mean + SEM; statistical
analyses were performed using two-tailed Student's t tests (**, p < 0.01; ***, p < 0.001).

H,0, treatment reduces the number of cisternae

per Golgi stack

Despite the degradation of Arl1, Golgin-97, and Golgin-245, and
dissociation of other GRIP domain-containing golgins, no signifi-
cant change was observed in the Golgi morphology by immunoflu-
orescence microscopy using GM130 and TGN46 as markers (Figure
2 and Supplemental Figure S2, C and D). Given that an intact Golgi
ribbon structure requires an organized microtubule cytoskeleton,
this observation is consistent with the result that H,O, treatment
does not cause o-tubulin degradation in our experimental system
(Figure 1A). Because Arl1 and its associated golgins play important
roles in Golgi structure formation and function within the stacks, the
functional units of the Golgi, we performed electron microscopy
(EM) to analyze the ultrastructure of the Golgi stacks in more detail.
As shown in Figure 3, the average number of Golgi cisternae per
stack was reduced by H,O, treatment (3.5 £ 0.3) compared with that
of control cells (4.8 + 0.3), indicating a loss of Golgi cisternae. Previ-
ously, we have observed that depletion of GRASP65 and/or
GRASP55 reduces the number of cisternae in the Golgi stack and
the length of the Golgi cisternae, resulting in vesiculation of Golgi
membranes (Xiang and Wang, 2010; Bekier et al., 2017). However,
unlike GRASP depletion, the number of vesicles surrounding each
Golgi stack did not significantly change after H,O, treatment, nor
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did the average length of the stacks (Figure 3 and Supplemental
Figure S3). The shape of the Golgi cisternae appeared to be normal,
with flat, well-aligned cisternae within the stacks, and with narrow
and uniform gaps between them. The reduction in cisterna number
in the stacks and the loss of trans-Golgi membrane tethers suggest
a possibility that trans-Golgi cisternae were removed or reduced
after H,O, treatment.

H,0,-induced Arl1 and Golgin-97 degradation

is ROS dependent

While H,O5 is widely used to induce ROS and cell stress, H,0, itself
has been observed to have a signaling role in cells (Veal et al., 2007).
For example, it was recently discovered that H,O, plays a significant
role in T-cell signaling (Kim et al., 2017). To determine whether H,O,
induces Arl1 and Golgin-97 degradation through ROS, we used N-
acetyl cysteine (NAC), a commonly used membrane-permeable an-
tioxidant, to reduce ROS after H,O,_treatment. We cotreated cells
with 5 mM NAC and 1 mM H,0O5 for 10 min and determined the
level of Arl1 and golgins by Western blotting. While NAC treatment
alone had no effect on the protein levels of Arl1 and Golgin-97,
cotreatment of cells with NAC inhibited H,0O,-induced Arl1 and
Golgin-97 degradation (Figure 4, A, lane 4 vs. 3, and B). In this and
all following experiments we focused on Arl1 and Golgin-97 as they
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reduces the Golgi localization of Arl1. HelLa cells were treated with the indicated concentrations of H,O, for 10 min,
fixed, and stained for Arl1 (red), GM130 (green),and DNA (blue). (B) Quantitation of A for the relative fluorescence level
of Arl1 signal in the Golgi area outlined by the GM130 signal, with the control normalized to 1. (C) H,O, treatment
reduces the Golgi localization of Golgin-97. Hela cells were treated as above and stained for Golgin-97, GM130, and
DNA. (D) Quantitation of C for the relative fluorescence level of Golgin-97 signal in the Golgi area defined by the
GM130 signal, with the control normalized to 1. (E) H,O, treatment reduces the Golgi localization of Golgin-245. HelLa
cells were treated with 1 mM H,0, for 10 min and stained for indicated proteins. Note that Arl1, Golgin-97, and
Golgin-245 all have reduced Golgi-localized signal after H,O, treatment. (F) Quantitation of E for the relative
fluorescence level of Golgi protein signal in the Golgi area defined by the GM130 or giantin signal, with the controls
normalized to 1. Scale bars in all panels = 20 pm. All quantitation results are shown as mean * SEM; statistical analyses
were performed using two-tailed Student’s t tests (*, p < 0.05;**, p < 0.01; ***, p < 0.001).

were the most affected proteins by H,O, treatment, as described
above. Further immunofluorescence microscopy confirmed that the
addition of NAC not only significantly inhibited H,O,-induced Gol-
gin-97 reduction, but also rescued the Golgi pool of Arl1 and Gol-
gin-97 (Figure 4, C and D). These results confirmed that H,O,-in-
duced Arl1 and Golgin-97 degradation is ROS dependent.

H,0, treatment causes Arl1 and Golgin-97 degradation by
cytoplasmic proteases

As demonstrated above, Arl1, Golgin-97, and Golgin-245 are de-
graded upon H,O, treatment; therefore, we determined whether
this degradation was mediated by proteasomes or lysosomes, two
major protein degradation pathways in the cell. Because it has been
previously shown that oxidative stress triggers autophagy, a cellular
process that delivers cargo molecules to lysosomes for degradation,
we first inhibited autophagy and lysosomal degradation with bafilo-
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mycin A1 (BafA1) and determined the effect on H,O,-induced Golgi
protein degradation. BafA1 treatment increased LC3-Il and p62 sig-
nals (Figure 3A, lane 3), indicating that it effectively blocked autoph-
agic flux. In contrast, BafA1 treatment had no effect on H,O,-in-
duced Arl1 and Golgin-97 degradation (Supplemental Figure S4, B,
lane 4 vs. 3, and C), indicating that H,O,-induced Arl1 and Gol-
gin-97 degradation is not through autophagy or lysosomes. This
result was confirmed by immunofluorescence microscopy; addition
of BafA1 had no effect on H,0,-induced Golgin-97 reduction in the
Golgi region (Supplemental Figure S4D).

Proteasomal degradation is a process in which cells target ubig-
uitinated proteins for degradation by the proteasome (Eisenberg-
Lerner et al., 2020). By examining our Western blots, we did not
detect ubiquitinated forms of Arl1 and Golgin-97. In addition, inhi-
bition of proteasomal degradation by MG132, which caused accu-
mulation of ubiquitinated proteins (Supplemental Figure S4A, lane

Molecular Biology of the Cell
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statistical analyses were performed using two-tailed Student’s t tests (*, p < 0.05; NS, not significant).

2), had no effect on H,O,-induced Arl1 and Golgin-97 degradation
as examined by Western blotting or fluorescence microscopy (Sup-
plemental Figure S4, E-G). Taken together, these results demon-
strated that ROS-induced Arl1 and Golgin-97 degradation is not via
lysosomes or proteasomes.

In addition to proteasomal and lysosomal degradation path-
ways, cytosolic proteases are known to degrade Golgi proteins such
as Golgin-160 (Mancini et al., 2000). Therefore, we added a prote-
ase inhibitor tablet (Roche) into the treatment to determine whether
it could rescue H,O,-induced Arl1 degradation. Such a tablet con-
tains a proprietary set of chemicals that can effectively inhibit a
broad spectrum of serine and cysteine proteases. As shown in
Figure 5, A and B, the addition of the protease inhibitors blocked
H,O,-induced Arl1 and Golgin-97 degradation. Furthermore, im-
munofluorescence microscopy confirmed that adding protease in-
hibitors effectively inhibited H,O,-induced Arl1 and Golgin-97 re-
duction in the Golgi region (Figure 5, C and D). Taken together,
these results indicate that the degradation of Arl1 and Golgin-97
upon H,O, treatment is mediated by cytoplasmic proteases.

H,0; treatment reduces Golgi-mediated membrane
trafficking

Arl1 and the GRIP domain—containing golgins are best known for
their roles in tethering vesicles from the endosomes to facilitate
their fusion with Golgi membranes. To determine the effect of H,O,
treatment on retrograde trafficking, we first looked at the level and
subcellular localization of CI-MéPR, which is constantly recycled be-
tween the TGN and late endosomes. Treatment of cells with T mM
H,0, for up to 60 min did not significantly affect the CI-M6PR pro-
tein level (Figure 6A), but reduced its signal in the Golgi region over
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time (Figure 6, B and C). The reduction of the CI-M6PR signal in the
Golgi region indicates an inhibition of CI-MéPR trafficking from the
endosomes to the Golgi in Hy,O,-treated cells. As a complementary
approach, we used Shiga toxin 1 B subunit (StxB) as a tool to mea-
sure retrograde trafficking (Selyunin and Mukhopadhyay, 2015).
Cells were first incubated with StxB at 4°C to allow it to bind to the
cell surface, and then warmed up to 37°C to allow StxB trafficking
toward the Golgi (chase). After 60 min chase, StxB was accumulated
in the Golgi region in control cells (Figure 6, D, white arrows, and E).
In contrast, StxB existed mostly as cytoplasmic puncta in HyO,-
treated cells. Consistent with the loss of Arl1 tethering complexes,
our results demonstrate that H,O, treatment impairs the function of
the trans-Golgi in retrograde trafficking.

Because TGN also play essential roles in anterograde traffick-
ing, we determined the effect of H,O, treatment on vesicular sto-
matitis virus—glycoprotein (VSV-G) trafficking using the RUSH sys-
tem (Boncompain et al., 2012). Cells were transfected with a
plasmid that encodes both the invariant chain of the major histo-
compatibility complex (li, an ER protein) fused to core streptavidin
and VSV-G fused to streptavidin-binding peptide (SBP). Under nor-
mal conditions the interaction between streptavidin and SBP re-
tains VSV-G in the ER. Upon the addition of biotin, this interaction
is displaced by the strong binding of biotin with streptavidin, result-
ing in the release of the VSV-G reporter from the ER for trafficking
to the plasma membrane. Because VSV-G is a glycoprotein, we
used endoglycosidase H (EndoH) to distinguish its core (ER and
cis-Golgi) and complex (post-Golgi) glycosylation forms as an indi-
cator of trafficking. As shown in Figure 7, A and B, H,0, treatment
decreased the EndoH-resistant post-Golgi forms of VSV-G at 30
and 60 min time points after release compared with that in the

H,O, induces Arl1 degradation | 1935
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control, demonstrating that H,O, treatment decreased VSV-G traf-
ficking through the Golgi.

Given that H,O, treatment results in the loss of the trans-Golgi,
we also tested the effect of HyO, treatment on TGN-to—plasma
membrane trafficking by combining the RUSH system with a tem-
perature block and release. It has been shown that anterograde
cargo molecules are blocked at the TGN when cells are incubated
at 20°C (Matlin and Simons, 1983), which can be released upon
shifting the temperature back to 37°C. In this experiment, we co-
transfected Hela cells with the Str-li_VSVG-SBP-EGFP as described
above, and N1-GRASP55-mCherry to indicate the Golgi localiza-
tion. We first treated the cells with 40 pM biotin at 20°C for 2 h to
accumulate VSV-G in the TGN. We then treated cells with complete
medium with 1 mM H,O, at 37°C H,O, for 10 min, washed it out,
and further incubated the cells in growth medium without H,O, for
20 min (total 30 min chase). After fixation without permeabilization,
we stained cell surface VSV-G with an antibody to its lumenal do-
main, and analyzed total VSV-G (GFP signal), GRASP55 (mCherry),
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and cell surface VSV-G by fluorescence microscopy. As shown in
Figure 7C, there was more cell surface VSV-G signal in the control
group compared with the HyOp-treated group at 30 min release,
suggesting that anterograde trafficking from Golgi to plasma mem-
brane is impaired during H,O, treatment. Taken together, H,O,
treatment reduces both anterograde and retrograde trafficking at
the TGN.

DISCUSSION

In this study, we revealed that H,O, treatment causes a rapid degra-
dation of Golgi tethering proteins on the trans-Golgi, including Arl1,
Golgin-97, and Golgin-245, which could be rescued by the ROS-
scavenging drug NAC or protease inhibitors, indicating that HyO,-
induced ROS activates a cytoplasmic protease to selectively de-
grade Arl1, Golgin-97, and Golgin-245 on the trans-Golgi. This
results in a reduction of the cisternal number per Golgi stack and
impairs both anterograde and retrograde trafficking. Our results re-
vealed a novel mechanism by which oxidative stress induces rapid
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and selective degradation of Arl1 and its associated golgins on the
trans-Golgi, which impairs both anterograde and retrograde traffick-
ing. Not all proteins in the trans-Golgi were tested in this study, and
there may be others involved in the trafficking phenotype we ob-
served. For example, ARFRP1 functions upstream of Arl1 and Arl5,
and has been shown to regulate the recruitment of membrane teth-
ers to the TGN (Nishimoto-Morita et al., 2009; Ishida and Bonifac-
ino, 2019). However, our study has identified the Golgi as a novel
site of ROS to exert its toxicity in cells.

It is interesting to see that the degradation of Arl1 and its associ-
ated golgins is not by proteasomes or lysosomes, but rather by cy-
toplasmic proteases. How proteins in the Golgi are degraded is so
far not well understood. Theoretically, Golgi proteins can be de-
graded by the following pathways: 1) by lysosome-mediated pro-
tein degradation, which requires delivery of Golgi proteins to the
lysosomes either by direct trafficking or by autophagy; 2) by ER-as-
sociated degradation, in which particular Golgi proteins traffic back
to the ER for degradation by proteasomes; 3) by direct ubiquitina-
tion at the Golgi and degradation by the proteasomes on site; and
4) by cytoplasmic proteases. We originally speculated lysosomal
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degradation as the most likely mechanism for Arl1 degradation, as
it has previously been shown that oxidative stress triggers autoph-
agy (Zhang et al., 2016) and that there is a link between Golgi func-
tion and autophagy (Zhang et al., 2018, 2019). However, this possi-
bility was ruled out by BafA1 treatment, which inhibits lysosomal
degradation but not Arl1 and Golgin-97 degradation in H,O,-
treated cells. Similarly, inhibition of proteasomes by MG132 also
had no effect on Arl1 degradation. It is possible that a cytoplasmic
protease may be more readily accessible than proteasomes or lyso-
somes for Arl1, Golgin-97, and Golgin-245. The identity of this cyto-
plasmic protease is as yet unknown and remains a subject for future
investigation. One possible candidate is calpain, which is known to
be activated by ROS in intermittent hypoxia (Bailey et al., 2015).
Calpain cleavage specificity is likely mediated by substrate tertiary
structure and not primary protein sequence, which increases the dif-
ficulty to predict the cleavage sites on its target proteins.

In contrast to some other Golgi stresses, such as thapsigargin
treatment that triggers Golgi fragmentation (Ireland et al., 2020),
H,O, does not cause obvious Golgi fragmentation, or apoptosis at
the concentrations and times that we tested here. The loss of Arl1
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and its associated golgins, together with the lack of Golgi fragmen-
tation and the impairment of anterograde and retrograde trafficking
in H,Oo-treated cells, indicates that Arl1 and its associated golgins
play a role in membrane trafficking, but may not be essential for
Golgi structure formation. Alternatively, Golgi fragmentation may
take longer than 10 min at which our assays were performed. In-
deed, H,O,; treatment reduced the number of cisternae in the Golgi
stack and Golgi-mediated trafficking, indicating that trafficking
defects occur before Golgi fragmentation. The identity of the lost
cisternae remains unknown; but given that Arl1 and its associated
golgins reside in the trans-Golgi, it is more likely that some trans
cisternae are lost upon H,O; treatment. An interesting question re-
mains as to where trans-Golgi resident proteins go when the trans-
Golgi cisternae are missing. One possibility is that the original trans-
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Golgi proteins are reequilibrated into the remaining cisternae;
another is that they are now associated with vesicles or tubular mem-
brane structures. The exact answer requires further investigation.

Our study revealed that the trans-Golgi is uniquely sensitive to
oxidative stress in cells, which may help understand the toxicity of
ROS in human diseases. ROS has been found to occur in several
human diseases such as ALS, cancer, and diabetes (Nindl et al.,
2004; Manoharan et al., 2016), and Golgi structural and functional
defects have been observed in Parkinson’s (Mizuno et al., 2001),
Huntington’s (Hilditch-Maguire et al., 2000), and Alzheimer’s (Joshi
etal., 2014, 2015; Joshi and Wang, 2015) diseases and ALS (Moure-
latos et al., 1996; Gonatas et al., 1998; Fujita and Okamoto, 2005).
It would be interesting to test whether Arl1 and its associated gol-
gins are degraded in these diseases in future studies.
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MATERIALS AND METHODS

Reagents and plasmids

All reagents used in this study were purchased from Sigma-Aldrich
(St. Louis, MO), Roche (Basel, Switzerland), EMD Millipore (Burling-
ton, MA), or ThermoFisher (Waltham, MA), unless otherwise stated.
H,0, (30% in water) was from Fisher Chemical. Trypan blue was
from Life Technologies (Dublin, Ireland). NAC was from Sigma. The
cOmplete, EDTA-free protease inhibitor (PI) tablets were from
Roche. StxB was from BE| Resources (Manassas, VA). D-Biotin was
from VWR Life Science (Radnor, PA). BafA1 was from Fisher Scien-
tific. MG132 was from EMD Millipore. The Str-li_VSVG-SBP-EGFP
plasmid was provided by Franck Perez (Institut Curie). An EGFP-
GCC185 plasmid from Paul Gleeson (University of Melbourne) was
ectopically expressed in Supplemental Figure S2A.

Antibodies
The following primary antibodies were used. Monoclonal antibodies
against B-actin and GFP (Sigma-Aldrich); Shiga toxin B and ubiquitin
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(ThermoFisher); GM130, Gos28, Golgin-245, and syntaxin 6 (BD
Biosciences, Franklin Lanes, NJ); o-tubulin (Developmental Studies
Hybridoma Bank, University of lowa); Arl1 (Abcam); VSV-G extracel-
lular domain (David Sheff, University of lowa Carver College of
Medicine). Polyclonal antibodies against GCC88, Golgin-160,
CI-M6PR, GRASP55, and GRASP65 (Proteintech); GCC185 (Abcam);
GM130 (“N73,” from J. Seemann, University of Texas Southwestern
Medical Center); TGN46 (Bio-Rad); LC3B (Cell signaling). Secondary
antibodies were purchased from Jackson Laboratory (Bar Harbor,
ME). Secondary antibodies used for fluorescence microscopy in-
clude fluorescence-labeled goat anti-mouse, goat anti-rabbit, and
goat anti-sheep antibodies. Secondary antibodies used for Western
blot include HRP-conjugated goat anti-mouse and goat anti-rabbit
antibodies.

Cell culture and drug treatments
Hela were obtained from ATCC (Manassas, VA), cultured in DMEM
(ThermoFisher) supplemented with 10% fetal bovine serum (Gemini
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Bio-Products, Sacramento, CA), and 100 units/ml penicillin-strepto-
mycin at 37°C with 5% CO,, and routinely screened for mycoplasma
contamination. Cells were grown on glass coverslips according to
standard tissue culture methods (Tang et al., 2011). Coverslips were
precoated with polylysine (Life Technologies) to aid in cell attach-
ment. H,O,, NAC, and Pl solutions were made fresh in Milli-Q water.
All other drugs were dissolved in dimethyl sulfoxide (DMSO) and
stock solution aliquoted and stored at —20°C until use. Stock solu-
tions were diluted into working solutions of DMEM or water at the
time of the experiment. Depending on the chemical, H,O or DMSO
was used as control in the experiments.

Protein biochemistry

For immunoblotting, cells from a 6-cm dish were washed three
times with ice-cold phosphate-buffered saline (PBS) and collected
with a cell scraper. Cells were pelleted and lysed with 100 pl lysis
buffer (20 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100 [Bio-Rad,
Hercules, CA], 20 mM glycerolphosphate and protease inhibitor
cocktail). Samples, excluding GCC185 samples (see below), were
mixed with 6X SDS-PAGE buffer with fresh dithiothreitol (DTT), de-
natured at 95°C for 4 min, and then analyzed by SDS-PAGE. Protein
was transferred to nitrocellulose membranes using semidry transfer
at a constant 16 V. Membranes were blocked for 10 min with 3%
milk in 0.2% Tween-20 in phosphate-buffered saline (PBST) and im-
munoblotted. GCC185 and Golgin-245 samples were denatured at
50°C for 5 min before loading onto a SDS-PAGE and transferred to
nitrocellulose membranes by a wet transfer at 50 V for 2 h. Western
blots were captured with enhanced chemiluminescence (ECL) dye
reagent (ThermoFisher) in the FluorChem M chemiluminescent im-
ager (ProteinSimple).

Subcellular fractionation

Fractionation of membranes was performed as described (Xiang
et al., 2013). Briefly, control (Ctrl) Hela cells and cells treated with
1 mM H,0, for 10 min (H,O,) were washed with PBS, collected in
HBS buffer (0.25 M sucrose, 10 mM HEPES, pH 7.2, 1 mM Mg(OAc),,
1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and protease
inhibitor cocktail) with a cell scraper, and homogenized using a ball-
bearing (@ = 8.008) homogenizer (HGM Lab Equipment) to ~80%
cell breakage (Tang et al., 2010, 2011). Plasma membrane disrup-
tion efficiency was examined by a trypan blue exclusion method.
Homogenate was centrifuged at low speed for 10 min at 1000 x g
at 4°C. PNS was then subjected to ultracentrifugation for 1 h in a
TLASS rotor at 40,300 rpm (100,000 x g) at 4°C to separate mem-
branes from cytosol. Equal proportions of the membranes and cyto-
sol fractions were loaded onto SDS-PAGE and analyzed by Western
blot using the indicated antibodies (Xiang et al., 2013).

Immunofluorescence microscopy

For fluorescence microscopy, cells were rinsed three times in ice-
cold PBS, fixed with 4% (wt/vol) paraformaldehyde (PFA), quenched
with 50 mM NH4Cl in PBS, permeabilized in 0.2% (vol/vol) Triton
X-100 in PBS, and blocked for 1 h with PBSB (PBS supplemented
with 1% [wt/vol] bovine serum albumin (BSA) fraction V; Thermo-
Fisher; Tang et al., 2016). Cells were incubated with a primary anti-
body diluted in PBSB overnight, gently rocking at 4°C, thoroughly
washed with PBS, and incubated with an FITC-, TRITC-, or CY5-la-
beled secondary antibody (1:200 dilution in PBSB) at room temper-
ature for 30 min. Cells were then washed three times with PBS and
stained with 1:10,000 Hoechst dye for 3 min, and then mounted on
glass slides with Moviol plus fluorescence brightener (DABCO;
Acros Organics). Images were captured with a Zeiss Observer fluo-
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rescent microscope with a 63x oil objective lens and Axiocam Mrm
camera. TIF files were exported with AxioVision software (Zeiss). For
the data in Figure 6, B and C, images were collected at random lo-
cations on the coverslip with the autofocus function of ZEN software
at 20x magnification.

Parameters used to quantify Golgi fragmentation on
fluorescence images

Briefly, cells were evaluated by eye under a microscope according
to predefined fragmentation criteria, with at least 300 cells counted
in each reaction (Ireland et al., 2020). A Golgi was considered intact
or fragmented based on the following: 1) If the Golgi exists as a
single piece of connected membrane, it is intact. 2) If a Golgi exhib-
its several items that are connected by visible membrane bridges,
even though these bridges might be faint, the Golgi is considered
intact. 3) If a Golgi exhibits 23 disconnected parts (no visible
bridges connecting them), then the Golgi is considered frag-
mented. 4) Mitotic cells, defined by the DNA pattern, and overlap-
ping cells in which the Golgi pattern is difficult to define, are not
counted. Hoechst was used to identify individual mitotic and over-
lapping cells.

EM

All EM-related reagents were from Electron Microscopy Sciences
(EMS; Hatfield, PA). Cells were fixed in prewarmed serum-free
DMEM, 20 mM HEPES, pH 7.4, 2% glutaraldehyde at 4°C overnight
as previously described (Wang et al., 2005; Tang et al., 2010). Cells
were washed twice with 0.1 M sodium cacodylate, and postfixed on
ice in 1% (vol/vol) reduced osmium tetroxide, 0.1 M sodium caco-
dylate (wt/vol), and 1.5% cyanoferrate (wt/vol) in water. Cells were
rinsed three times with 50 mM maleate buffer, pH 5.2, three times
with water, scraped, and pelleted in microcentrifuge tubes for em-
bedding. The EMBED 812 protocol was used to embed cells and
resin blocks were sectioned to 60 nm with a diamond knife and
mounted on Formvar-coated copper grids (Tang et al., 2010). Sam-
ples were double contrasted with 2% uranyl acetate, then with lead
citrate and rinsed with copious amounts of water. Grids were im-
aged using a Philips (Amsterdam, Netherlands) transmission elec-
tron microscope. Golgi images were captured at 11,000x magnifica-
tion. Golgi stacks were identified using morphological criteria and
quantified using standard stereological techniques. A Golgi cisterna
was identified as a perinuclear membrane within a Golgi stack >4
times longer than its width. Stack length was measured for the lon-
gest cisterna within a Golgi stack using the ruler tool in Photoshop
Elements 13. For the number of cisternae per stack, the number of
cisternae was counted. For the number of vesicles per stack, round
objects no greater than 80 pym in diameter within 0.5 um distance to
a Golgi stack were counted. Golgi morphology was quantified from
at least 20 cells in each experiment.

StxB transport assay

Shiga toxin assay was performed as previously described (Selyunin
and Mukhopadhyay, 2015). In short, cells were plated onto polyly-
sine-coated coverslips and cultured overnight, incubated with 4 ug/
ml purified StxB DMEM at 4°C for 30 min, and then washed thor-
oughly with cold PBS. Cells were then incubated with H,O, in
growth medium for 10 min at 37°C, washed with growth medium,
and further incubated in growth medium without H,O, for an addi-
tional 50 min at 37°C. After treatment, cells were fixed and permea-
bilized as described above, stained with indicated primary and sec-
ondary antibodies for 1.5 h each at room temperature, and analyzed
by fluorescence microscopy.
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VSV-G protein trafficking and exofacial labeling

For EndoH treatment and Western blotting, cells in a dish were
transfected with the Str-li_VSVG-SBP-EGFP plasmid for 16 h fol-
lowed by a 10-min treatment with 1 mM H,O,. Cells were then incu-
bated with fresh growth medium containing 40 pM biotin (chase) for
the indicated times. Cells were lysed with denaturing buffer (0.5%
SDS, 40 mM DTT), boiled at 90°C for 10 min, and treated with (+) or
without () EndoH in G5 buffer (50 mM sodium citrate, pH 5.5) at
37°C for 1 h. Reaction was mixed with SDS buffer and analyzed by
Western blot for GFP. Bands on Western blots were quantified using
densitometry analysis. The intensity of the upper EndoH-resistant
band was divided by that of the total of the upper and lower bands
to calculate the mature/total ratio.

To specifically analyze TGN-to-plasma membrane trafficking,
Hela cells grown on polylysine-coated coverslips were cotrans-
fected with the Str-li_VSVG-SBP-EGFP and N1-GRASP55-mCherry
plasmids for 24 h and treated with 40 uM biotin in growth medium
at 20°C for 2 h to accumulate VSV-G in the TGN. Cells were then
treated with complete medium with T mM H,O, at 37°C for 10 min,
washed to remove H,O,, and further incubated in growth medium
at 37°C for 20 min. For control, cells from the 20°C block were di-
rectly changed to growth medium prewarmed to 37°C and further
incubated at 37°C for 30 min. Cells were then fixed in 1% PFA with-
out permeabilization, blocked with 1% BSA in PBS, and incubated
with an anti-VSV-G antibody that recognizes its lumenal domain
overnight at 4°C. Cells are then stained with a secondary antibody
and processed for immunofluorescence microscopy. Images were
taken using a Nikon C?* laser scanning confocal microscope and
processed using ImageJ software.

Quantitation and statistics

All data represent the mean + SEM of at least three independent
experiments unless noted. A statistical analysis was conducted with
two-tailed Student’s t test in the Excel program (Microsoft, Red-
mond, WA). Differences in means were considered statistically sig-
nificant if p < 0.05. Significance levels are as follows: *, p < 0.05; **,
p £0.01; ***, p < 0.001. Figures were assembled with Photoshop
(Adobe, San Jose, CA). For Figure 6C, automatic thresholding was
performed in ImageJ, and the Golgi-localized CI-MéPR signal was
plotted. More than 300 cells were evaluated for each timepoint.
Pearson’s colocalization coefficient values were computed using the
"Coloc 2" function in ImageJ software.
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