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Introduction

Shiga toxin (STx), produced by Shigella, and the closely re-
lated STx type 1 (STx1) and type 2 (STx2), produced by strains 
of STx-producing Escherichia coli (STEC), are lethal bacterial 
exotoxins that belong to the AB5 class (Beddoe et al., 2010; 
Mukhopadhyay and Linstedt, 2013). These toxins are formed 
by the association of a single A subunit with a pentameric B 
subunit (Beddoe et al., 2010; Mukhopadhyay and Linstedt, 
2013). STx and STx1 are nearly identical; the only difference is 
a conservative serine-to-threonine substitution in the A subunit 
(Strockbine et al., 1988; Mukhopadhyay and Linstedt, 2013). In 
contrast, STx2 shares only ∼55% sequence identity with STx 
and STx1 (Strockbine et al., 1988; Mukhopadhyay and Linst-
edt, 2013). The toxins kill cells by blocking protein synthesis 
in the cytosol; the mechanism is the removal by the A subunit 
of a specific adenine residue in the 28S rRNA of the 60S ribo-
some (Beddoe et al., 2010; Mukhopadhyay and Linstedt, 2013). 
Although the A subunit is catalytically active, it cannot traffic 
to the cytosol of target cells by itself. Instead, trafficking is me-
diated by the pentameric B subunits (Mukhopadhyay and Lin-
stedt, 2013). Interestingly, infections caused by STx-producing 
Shigella can be treated with antibiotics (Ochoa and Cleary, 
2006). However, in patients infected with STEC, usage of at 
least some classes of antibiotics increases production of STx1 
and STx2 and enhances the risk of developing life-threatening 
complications such as hemolytic uremic syndrome (Walter-

spiel et al., 1992; Matsushiro et al., 1999; Zhang et al., 2000; 
McGannon et al., 2010). Consequently, for STEC infections, 
antibiotic usage is contraindicated, and there are no definitive 
therapies (Nataro, 2006).

As cytosolic translocation of the A subunits is a prereq-
uisite for toxicity, blocking toxin trafficking is an attractive 
therapeutic strategy. Inhibitors that alter trafficking and toxicity 
of STx1 and/or STx2 have been identified (Saenz et al., 2007; 
Stechmann et al., 2010; Mukhopadhyay and Linstedt, 2012, 
2013; Kavaliauskiene et al., 2017), but none are approved for 
use in humans. For success in humans, an inhibitor must ide-
ally target toxin trafficking but not affect levels or localization 
of host proteins. Additionally, inhibitors must effectively block 
STx2 because the in vivo LD50 of STx2 is ∼400 times lower 
than that of STx1 (Tesh et al., 1993), and in humans, disease 
severity correlates with STx2 production (Boerlin et al., 1999). 
Securing a comprehensive understanding of the mechanisms by 
which STx1 and STx2 traffic through host cells is likely to aid 
in the rational design of transport inhibitors that exclusively in-
hibit toxin transport without impacting host proteins.

Although STx2 is more disease-relevant, most of our 
current understanding of toxin trafficking comes from work on 
STx1. Trafficking starts with the association of the B subunit 
of STx1 (STx1B) with the glycosphingolipid globotriaosylcer-
amide on the cell surface (Beddoe et al., 2010; Mukhopadhyay 
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and Linstedt, 2013). After endocytosis, the toxin sequentially 
traffics through early endosomes and the Golgi apparatus and 
is then delivered to the endoplasmic reticulum, from where the 
A subunit is translocated to the cytosol (Mukhopadhyay and 
Linstedt, 2013). A particularly critical step is direct transit from 
early endosomes to the Golgi apparatus, which allows the toxin 
to bypass late endosomes/lysosomes where degradative proteo-
lytic enzymes are active (Mallard et al., 1998; Mukhopadhyay 
and Linstedt, 2013). The direct early endosome-to-Golgi trans-
port step is mediated by the host protein GPP130 (Natarajan 
and Linstedt, 2004; Mukhopadhyay and Linstedt, 2012, 2013; 
Mukhopadhyay et al., 2013). GPP130 is a single-pass trans-
membrane protein that constitutively cycles between the Golgi 
apparatus and early endosomes (Linstedt et al., 1997; Bachert 
et al., 2001). STx1B directly binds GPP130 (Kd = 150 nM), 
which allows the toxin to “piggyback” on GPP130 and traffic 
to the Golgi from early endosomes (Mukhopadhyay and Linst-
edt, 2012, 2013; Mukhopadhyay et al., 2013). In the absence of 
GPP130, STx1B still reaches early endosomes but then fails to 
traffic to the Golgi and is rerouted to lysosomes for degradation 
(Mukhopadhyay and Linstedt, 2012, 2013). Thus, GPP130 acts 
as the endosomal receptor for STx1B. Importantly, exposure 
of cells to low doses of the essential metal manganese induces 
rapid degradation of GPP130 (Mukhopadhyay et al., 2010; 
Mukhopadhyay and Linstedt, 2011, 2012; Tewari et al., 2014, 
2015). Treatment with manganese provides 3,800-fold protec-
tion against STx1-induced death in cell culture and 100% pro-
tection against STx1-induced lethality in mice (Mukhopadhyay 
and Linstedt, 2012). An important implication is that targeting 
the early endosome-to-Golgi step is an effective means to block 
STx1 transport and protect against toxin-induced disease.

Over the last few years, we focused on delineating the 
mechanisms of trafficking of STx2. Our previously published 
work shows that, similar to STx1, STx2 also undergoes direct 
early endosome-to-Golgi trafficking (Selyunin and Mukhopad-
hyay, 2015). However, there are important molecular differ-
ences. The B subunit of STx2 (STx2B) does not bind GPP130, 
and consequently, trafficking of STx2 is GPP130 independent 
and manganese insensitive (Mukhopadhyay et al., 2013). De-
spite this, both toxins use a conserved structural motif (the sur-
face-exposed β4–β5 loop of the B subunit) to sort out of early 
endosomes and traffic to the Golgi (Mukhopadhyay et al., 2013; 
Selyunin and Mukhopadhyay, 2015); the β4–β5 loop of STx1B 
mediates interaction with GPP130, whereas that of STx2B does 
not (Mukhopadhyay et al., 2013). These thematic similarities 
raise the possibility that an as yet undiscovered endosomal recep-
tor may mediate early endosome-to-Golgi transport of STx2B. 
Conceptual similarities with STx1 also suggest that targeting 
early endosome-to-Golgi transport of STx2 may protect against 
lethal toxicosis. Consistent with this, mutations in STx2B that 
block endosome-to-Golgi transport induce lysosomal degrada-
tion of the toxin (Selyunin and Mukhopadhyay, 2015).

Based on this reasoning, a major goal of our research 
group is to identify host factors that are required for the early 
endosome-to-Golgi transit of STx2 and subsequently elucidate 
the molecular mechanisms. To achieve this in an unbiased man-
ner, we performed in this study a viability-based genome-wide 
siRNA screen in HeLa cells and sought to identify genes that 
were required for STx2-induced toxicity; we used STx1 as 
control in the screen. An imaging-based screen that directly as-
sayed for STx2B transport would be ideal, but presented insur-
mountable technical hurdles. The screen identified 535 genes 

that were only required for toxicity induced by STx2, 564 that 
were only required for toxicity induced by STx1, and 196 that 
were required for both toxins. Validation and characterization 
assays focused on STx2 hits predicted to localize to endosomes/
Golgi. Through these studies, we discovered that UNC50 me-
diated early endosome-to-Golgi transport of STx2 by recruiting 
GBF1, an ADP ribosylation factor (ARF)-guanine nucleotide 
exchange factor (GEF), to the Golgi. Overall, results presented 
in this study provide fundamental insights into the mechanisms 
by which STx1 and STx2 exploit host trafficking pathways 
to intoxicate cells, improve understanding of the mechanisms 
of protein trafficking at the endosome/Golgi interface in eu-
karyotic cells, and may aid in the development of a treatment 
for STEC-induced disease.

Results

High-throughput viability-based genome-
wide siRNA screen
To identify factors required for trafficking and toxicity of STx2, 
we used a viability-based genome-wide siRNA screening ap-
proach. We performed the screen in HeLa cells and used a 
human genome-wide siRNA library, which comprised pooled 
siRNAs targeting 21,067 predicted open reading frames such 
that each gene was simultaneously targeted by four separate 
siRNAs. In brief, cells were reverse transfected with pooled 
siRNAs, exposed to 0.1 pg/ml STx2 or 0.4 pg/ml STx1 (STx1 
was used as control), and then viability was assessed (see the 
Primary genome-wide siRNA screen... section of Materials and 
methods for details). The concentration of each toxin was its 
LD50 in our cell line. For each toxin, we performed the screen in 
triplicate. Primary hits were genes for which viability was two 
SDs greater than the mean viability of all genes in that screen 
(i.e., z score >2; see the Primary genome-wide siRNA screen… 
section of Materials and methods for detailed statistical meth-
odology). We obtained 760 primary hits in the STx1 screen and 
731 in the STx2 screen (Tables S1 and S2). Of these, 564 pri-
mary hits were unique for STx1 (these did not impact STx2), 
535 were unique for STx2 (these did not impact STx1), and 
196 were common for both toxins (Table S3). The screen was 
largely successful as it identified genes known to be required 
for the trafficking of STx1B as hits in the STx1 part of the study 
(e.g., Ykt6, the conserved oligomeric Golgi complex, Rab6a, 
and Rab43; Zolov and Lupashin, 2005; Fuchs et al., 2007; Muk-
hopadhyay and Linstedt, 2013).

Gene ontology analyses revealed that primary screen hits 
had diverse functions (Fig. 1 A). For further studies, we classi-
fied hits based on predicted intracellular localization. 18 STx1-
unique, 35 STx2-unique, and 14 common hits were predicted 
to localize to endosomes/Golgi (Fig. 1 B and Table S4). We fo-
cused on STx2-unique hits predicted to localize to endosomes/
Golgi because these were most likely to have a specific impact 
on endosome-to-Golgi transport of STx2. To rule out false 
positives, we processed these hits through a secondary screen. 
For this, (A) the siRNA pool was deconvoluted, (B) each hit 
was independently targeted with four separate siRNAs, (C) 
each knockdown was performed at least in triplicate, (D) after 
knockdown, similar to the primary screen, cells were exposed 
to 0.1 pg/ml STx2 (LD50 of STx2), and then (E) viability was 
assessed (see the Secondary screen and data analysis section of 
Materials and methods for details). In the primary STx2 screen 
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after knockdown and toxin treatment, mean normalized viabil-
ity of all genes assayed was 42% with an SD of 10%; therefore, 
viability of hits was >62% (z score >2; Table S2). In order for a 
primary screen hit to be considered as validated in the second-
ary screen, its normalized viability after knockdown with least 
two of the four individual siRNAs and after STx2 exposure had 
to be >62% (Fig. 1 C and Table S5; see the Secondary screen 
and data analysis section of Materials and methods for details 
of data analyses). The secondary screen validated five hits; of 
these, three hits were validated with three siRNAs (UNC50, 
β-1,4-galactosyltransferase 5, and fucosyltransferase 1), two 
hits were validated with two siRNAs (kinase insert domain 
receptor and sorting nexin 14). A further seven hits gave re-
producible results with one siRNA (signal transducing adapter 
molecule, two-pore segment channel 1, sorting nexin 1, astrot-
actin 2, ATPase phospholipid transporting 11 A, adapter-related 
protein complex 1 associated regulatory protein, and Rab2a; 
Fig. 1 C and Table S5).

After this, we performed detailed functional analyses on 
one validated hit, UNC50, for the following reasons: As de-
scribed in the previous paragraph, three hits, UNC50, β-1,4- 
galactosyltransferase 5, and fucosyltransferase 1 were validated 
using three separate siRNAs in the secondary screen (Fig. 1 C 
and Table S5). A direct implication was that these hits may be 
crucially important for STx2 cytotoxicity. Of these, at least one 
siRNA targeting UNC50 or β-1,4-galactosyltransferase 5, but 
not fucosyltransferase 1, provided complete protection against 
STx2-induced cell death (Fig.  1  C and Table S5); therefore, 
we decided to focus on fucosyltransferase 1 at a later time. 
β-1,4-galactosyltransferase 5 functions as a lactosylceramide 
synthase enzyme (Tokuda et al., 2013). Lactosylceramide is 
a necessary precursor for synthesis of globotriaosylceramide, 
the cell surface glycosphingolipid receptor of STx1 and STx2 
(Beddoe et al., 2010; Tokuda et al., 2013). Preliminary assays 
revealed that depletion of β-1,4-galactosyltransferase 5 reduced 
globotriaosylceramide levels and blocked the binding of STx2B 
to the cell surface, providing a straightforward explanation for 
the requirement of β-1,4-galactosyltransferase 5.  In contrast, 
the mechanism of action of UNC50 was unclear, but there was 
a possibility that it may function as the endosomal receptor 
for STx2B. Analogy with the GPP130-STx1B paradigm sug-
gested that the putative STx2B endosomal receptor may be a 
transmembrane protein that localized to endosomes/Golgi and 
specifically influenced trafficking and toxicity of STx2 but 
not STx1. UNC50 fulfilled these broad criteria because prior 
studies localized it to the Golgi apparatus and indicated that it 
contained five transmembrane domains (Chantalat et al., 2003; 
Eimer et al., 2007). Furthermore, depletion of UNC50 did not 
protect against STx1-induced cell death in the primary screen 
(STx1 z score = 0.5; Table S1). As the overarching hypothe-
sis driving this line of research was that an endosomal receptor 
may mediate STx2B transport, UNC50 was a logical choice for 
mechanistic assessment.

Generation of a ΔUNC50 cell line
To elucidate the mechanisms by which loss of UNC50 protected 
against STx2, we generated a stable HeLa cell subline in which 
UNC50 was depleted using a lentivirus-based CRI​SPR system. 
As noted in the previous section, UNC50 is predicted to have 
five transmembrane domains (Fig. 2 A; Chantalat et al., 2003; 
Eimer et al., 2007). Sequencing of genomic DNA revealed that 
in our ΔUNC50 cell line, stop codons were introduced in or 

immediately after the region coding for the second transmem-
brane domain (Fig.  2  B). There were two separate mutations 
(Fig. 2 B), which likely corresponded with independent changes 
introduced in two chromosomes. These mutations were ex-
pected to reduce UNC50 mRNA and protein levels and inacti-
vate function. For validation, we performed RT-PCR analyses. 
We ran two separate reactions designed to amplify products 
from regions upstream or downstream of the introduced stop 
codons. In WT cells, a positive product was detected for both 
reactions (Fig.  2 C). Importantly, however, in ΔUNC50 cells, 
a positive product was generated for the upstream but not the 
downstream reaction (Fig. 2 C), suggesting that the introduced 
stop codons effectively terminated transcription. Unfortunately, 
we could not verify loss of endogenous UNC50 protein because 
we could not identify a commercial antibody that specifically 
detected UNC50 in human cell lines. As another approach to 
validate protein loss, we used transient transfection and over-
expressed CRI​SPR-sensitive or CRI​SPR-resistant full-length 
myc-tagged UNC50 in WT or ΔUNC50 cells. 1 d after trans-
fection, compared with WT cells, levels of CRI​SPR-sensitive 
myc-UNC50 were substantially lower in ΔUNC50 cells (Fig. 2, 
D and E). The reduced expression was not evident for a control 
construct, GFP-tagged SLC30A10, and more importantly, for 
CRI​SPR-resistant myc-tagged UNC50 (for reasons that are un-
clear, expression of CRI​SPR-resistant myc-tagged UNC50 was 
greater in ΔUNC50 cells; Fig. 2, D–G). These results suggest 
that the CRI​SPR system specifically reduced UNC50 expression 
in ΔUNC50 cells. The expression of limited amounts of UNC50 
protein from the CRI​SPR-sensitive construct in ΔUNC50 cells 
may be because of several reasons, such as high plasmid copy 
number per cell or introduction of mutations in the plasmid 
that were different from the in-frame stop codons inserted in 
genomic DNA. Additionally, 1 d after transfection, CRI​SPR- 
sensitive myc-UNC50 primarily localized to the endoplasmic 
reticulum in WT cells, but in ΔUNC50 cells, it was enriched in 
the Golgi (Fig.  2, H–J). Prior research in yeast demonstrated 
that hemagglutinin (HA)-tagged endogenous UNC50 was en-
riched in the Golgi, but when UNC50 was overexpressed from 
a multicopy plasmid, it accumulated in the endoplasmic reticu-
lum (Chantalat et al., 2003). For our data, it was likely that the 
relatively low expression of CRI​SPR-sensitive myc-UNC50 in 
ΔUNC50 cells allowed the protein to traffic to the Golgi and at-
tain a localization resembling that of endogenous UNC50. The 
Golgi localization of myc-UNC50 in ΔUNC50 cells was useful 
for rescue experiments described in Figs. 3 (J–L) and 4 (L–O). 
Overall, results in Fig. 2 suggest that UNC50 is effectively de-
pleted in ΔUNC50 cells.

UNC50 is required for the trafficking of 
STx2B from early endosomes to the Golgi
After this, we sought to determine the mechanism by which de-
pletion of UNC50 protected against STx2-induced cell death. 
As the first step, we validated that protection against STx2 
toxicity was evident in ΔUNC50 cells. The LD50 of STx2 in 
ΔUNC50 cells (5.7 pM) was ∼200-fold greater than that in WT 
cells (0.03 pM), confirming robust protection (Fig.  3, A and 
B). To elucidate the underlying mechanism, we tested whether 
trafficking of STx2 was altered in ΔUNC50 cells. For this, we 
assayed for the trafficking of STx2B in WT and ΔUNC50 cells. 
Consistent with our prior work (Selyunin and Mukhopadhyay, 
2015), in WT cells, STx2B bound the cell surface at the start of 
the assay and was clearly detected in the Golgi at the 60-min 
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Figure 1.  Classification and analyses of hits obtained in the primary and secondary siRNA screens. (A) Schematic illustrating annotated functions of 
hits identified in the primary genome-wide siRNA screen. Functions were retrieved from the universal protein resource database (UniProt). Note that one 
gene can have multiple annotated functions; therefore, numbers here do not match those provided in the supplemental tables. (B) Graph depicting hits 
that were unique to STx2 in the primary screen and predicted to localize to endosomes/Golgi. (C) Secondary screen data. Each gene was targeted 
with four separate siRNAs.
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Figure 2.  Generation of ΔUNC50 HeLa cells. (A) Schematic of the UNC50 protein with predicted topology. (B) Amino acid sequence of UNC50 in WT 
and ΔUNC50 cells. Shaded area with asterisks shows alignment between WT and ΔUNC50 cells. seq., sequence; TM, transmembrane domain. (C) RT-PCR 
analyses to detect expression of UNC50 in WT and ΔUNC50 cells. As described in the RT-PCR section of Materials and methods, primer pairs 1 and 2 were 
used to amplify sequences upstream or downstream, respectively, of the locus targeted by the CRI​SPR system. (D) WT or ΔUNC50 cells were cotransfected 
with CRI​SPR-sensitive myc-tagged UNC50 and GFP-tagged SLC30A10. 1 d after transfection, cultures were processed for immunofluorescence. The myc 
tag was detected using a monoclonal antibody. (E) Quantification of fluorescence intensities from D. For each construct, intensity in WT cells was normal-
ized to 100, and intensity in ΔUNC50 cells was expressed relative to WT (n ≥ 15 cells per condition). (F) Immunofluorescence analyses were performed 
in WT or ΔUNC50 cells cotransfected with indicated constructs as described in D. (G) Quantification of fluorescence intensities from F as described for 
E (n = 15 cells per condition). (H) WT or ΔUNC50 cells were transfected with myc-tagged CRI​SPR-sensitive UNC50. 1 d after transfection, cultures were 
processed for immunofluorescence. A monoclonal antibody was used to detect the myc tag. Polyclonal antibodies were used to detect the endoplasmic 
reticulum marker calnexin or the Golgi marker giantin. Bars, 25 µm. (I and J) Quantification of the Pearson’s coefficient for colocalization between UNC50 
and calnexin or giantin from H (n ≥ 15 cells per group). *, P < 0.05 by t test; error bars show means ± SEM).
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time point (Fig. 3, C–E). In ΔUNC50 cells, STx2B also robustly 
bound the cell surface (Fig. 3 C) and was internalized to early 
endosomes at the 10-min time point (Fig.  3  F). Importantly, 
however, the toxin failed to traffic to the Golgi (Fig. 3, C–E). 
Instead, at the 60-min time point, there was a substantial reduc-
tion in the fluorescence intensity of STx2B, and residual toxin 
was detected in punctate cytoplasmic structures resembling en-
dosomes/lysosomes (Fig. 3, C–E). This finding suggested that 
STx2B may be undergoing lysosomal degradation in ΔUNC50 
cells. To test this, we pretreated ΔUNC50 cells with the lyso-
somal protease inhibitors leupeptin and pepstatin and allowed 
STx2B to undergo retrograde trafficking for 4 h. Under these 
conditions, the toxin still did not traffic to the Golgi, but instead 
of being degraded, it persisted in large punctate structures that 
partially overlapped with the lysosomal marker Lamp2 (Fig. 3, 
G–I). Collectively, these results imply that in ΔUNC50 cells, the 
early endosome-to-Golgi trafficking of STx2B is inhibited, and 
the toxin is rerouted to lysosomes for degradation.

To confirm that the block in trafficking was caused by 
depletion of UNC50, we overexpressed CRI​SPR-sensitive full-
length myc-UNC50 in ΔUNC50 cells and, 1 d after transfection, 
assayed for STx2B trafficking. As described in the previous sec-
tion, in ΔUNC50 cells 24 h after transfection, myc-UNC50 was 
enriched in the Golgi (Fig. 2, H–J). Importantly, expression of 
myc-UNC50 inhibited the degradation of STx2B and rescued 
its trafficking to the Golgi (Fig. 3, J–L). Thus, UNC50 is re-
quired for the early endosome-to-Golgi trafficking of STx2B.

UNC50 is required for optimal transport 
of GPP130 and STx1B to the Golgi
To determine whether the effect on STx2 transport and toxicity 
was specific, we performed assays with STx1. This was im-
portant because in the genome-wide screen, incomplete knock-
down of UNC50 may have led to the lack of protection against 
STx1 toxicity. Surprisingly, the LD50 of STx1 in ΔUNC50 cells 
(10.8 pM) was ∼10-fold greater than that in WT cells (0.85 
pM; Fig. 4, A and B). Although the protection factor for STx2 
(∼200) was an order of magnitude greater than that for STx1 
(∼10), these data raised the possibility that UNC50 may play a 
role in the trafficking of STx1B. To investigate this further, we 
assayed for the trafficking of STx1B. Colocalization analyses 
revealed that unlike STx2B, trafficking of STx1B to the Golgi 
in ΔUNC50 cells was only modestly less than that in WT cells 
(Fig. 4, C and D). However, similar to STx2B, in ΔUNC50 cells, 
total fluorescence of STx1B at the 60-min time point was sub-
stantially lower than that at the start of the assay (Fig. 4 E). Pre-
treatment with leupeptin and pepstatin increased intracellular 
STx1B levels in ΔUNC50 cells; under these conditions, a pool 
of STx1B was detected in large cytoplasmic punctae resem-
bling lysosomes (Fig. 4, F and G). These results suggest that, in 
ΔUNC50 cells, a fraction of internalized STx1B fails to traffic 
to the Golgi and instead undergoes lysosomal degradation.

To determine the mechanism, we assayed for changes in 
GPP130, the endosomal STx1B receptor. Compared with WT 
cells, levels of GPP130 were reduced by ∼75% in ΔUNC50 
cells (Fig. 4, H and I). Treatment of ΔUNC50 cells with leu-
peptin and pepstatin led to the accumulation of GPP130 in 
large cytoplasmic punctae and increased cellular GPP130 levels 
(Fig. 4, J and K), suggesting that similar to STx1B, a fraction 
of GPP130 also underwent lysosomal degradation. Expression 
of CRI​SPR-sensitive full-length myc-UNC50 in ΔUNC50 cells 
rescued levels of GPP130 and STx1B (Fig. 4, L–O), implying 

that the observed lysosomal degradation of GPP130 and STx1B 
was caused by loss of UNC50 and not a consequence of nonspe-
cific effects. Collectively, although UNC50 is obligatorily re-
quired for the early endosome-to-Golgi transport of STx2B, it is 
also required for the optimal trafficking of STx1B to the Golgi.

UNC50 mediates STx2B trafficking by 
recruiting the ARF-GEF GBF1 to the 
Golgi apparatus
As depletion of UNC50 affected trafficking of multiple cargoes, 
it was unlikely to be the elusive endosomal receptor for STx2B. 
Yeast UNC50 directly interacts with the yeast ARF-GEFs Gea1p 
and Gea2p, human UNC50 also interacts with yeast Gea1p, and 
depletion of UNC50 in yeast leads to a reduction in the associ-
ation of Gea2p with membranes (Chantalat et al., 2003). These 
results suggest that the function of human UNC50 may be to 
recruit an ARF-GEF to membranes. The human homologue 
of Gea1/2, GBF1, predominantly localizes to the endoplasmic 
reticulum–Golgi intermediate compartment and the Golgi appa-
ratus, where it recruits ARF1 to initiate COPI vesicle formation 
(Szul et al., 2007; Manolea et al., 2008; Donaldson and Jackson, 
2011; Lowery et al., 2013; Jackson and Bouvet, 2014). Thus far, 
GBF1 has not been detected on endosomes. The localization of 
both UNC50 and GBF1 to the secretory pathway implies that 
a simple model in which UNC50 mediates endosome-to-Golgi 
transport of STx2B by directly recruiting GBF1 to endosomal 
membranes is unlikely to be valid. Importantly, however, GBF1 
can be detected in the trans-Golgi network, and activity of GBF1 
influences membrane recruitment of trans-Golgi network–lo-
calized clathrin adapters and ARF-GEFs (GGA2, AP1, BIG1, 
and BIG2; Lowery et al., 2013). Furthermore, AP1 and BIG2 
also localize to endosomes (Bonifacino, 2004; Shin et al., 2004; 
Shen et al., 2006), providing a means for changes in GBF1 lev-
els or activity to indirectly influence endosome-to-Golgi trans-
port. Consistent with this, prior work shows that exposure of 
cells to a small molecule inhibitor of GBF1, golgicide A, blocks 
endosome-to-Golgi transport of STx1 (Sáenz et al., 2009). Ad-
ditionally, activity of ARF1, a GBF1 substrate, is required for 
the endosome-to-Golgi transport of STx1 (Shiba et al., 2010). 
Based on these data, we hypothesized that the function of 
UNC50 may be to recruit GBF1 to the Golgi apparatus and that 
the block in endosome-to-Golgi transport of STx2 observed in 
ΔUNC50 cells may be caused by an indirect effect of a decrease 
in the recruitment of GBF1 to the Golgi.

To test this hypothesis, we first sought to determine 
whether GBF1 was required for the retrograde trafficking of 
STx2B. For this, we used a previously characterized siRNA to 
deplete GBF1 in WT HeLa cells (Szul et al., 2007). Loss of 
GBF1 induces tubulation of the cis-Golgi, which can be detected 
by staining for the cis-Golgi marker GM130 (Szul et al., 2007; 
Lowery et al., 2013). We verified that the anti-GBF1 siRNA 
robustly reduced GBF1 protein levels and induced GM130 tu-
bulation (Fig. 5, A and B). We then assayed for the transport 
of STx2B in cells transfected with control or anti-GBF1 siR-
NAs. In these experiments, we used tubulation of GM130 to 
detect GBF1-depleted cells because antibodies used to detect 
GBF1 and STx2B were both raised in rabbits. Importantly, 
in GBF1-depleted cells, STx2B failed to traffic to the Golgi 
and instead was trapped in endosome-like punctate structures 
(Fig. 5, C and D). Thus, GBF1 is required for the trafficking of 
STx2B to the Golgi. After this, we used immunofluorescence 
to determine whether tubulation of the Golgi was detectable in 
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Figure 3.  UNC50 is required for the early endosome-to-Golgi trafficking of STx2. (A) WT or ΔUNC50 cells were treated with indicated amounts of 
STx2 holotoxin for 16 h. Cell viability was then assessed using the MTT assay described in the Viability assays section of Materials and methods. Via-
bility without toxin exposure was normalized to 100 for each cell line (n = 3). (B) Depiction of the mean LD50 of STx2 from A. Error bars represent 95% 
confidence intervals (CIs). *, P < 0.05 by t test. (C) Trafficking of His-tagged STx2B was assayed in WT or ΔUNC50 cells. Cells were fixed at 0 or 60 
min after start of transport. STx2B was detected using a polyclonal antibody against the His tag. Golgi was demarcated using a monoclonal antibody 
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ΔUNC50 cells. Importantly, staining for GM130 provided clear 
evidence of Golgi tubulation in ΔUNC50 cells (Fig. 5 E). Thus, 
with regard to Golgi structure and retrograde STx2 transport, 
loss of GBF1 phenocopies that of UNC50. Next, we tested 
whether loss of UNC50 affected localization and/or levels of 
GBF1. Compared with WT HeLa cells, there was a decrease in 
the amount of Golgi-localized GBF1 in ΔUNC50 cells (Fig. 5, 
E–G). This decrease was specific to the Golgi because, in com-
parison with WT cells, total cellular GBF1 levels of ΔUNC50 
cells were similar, whereas levels of non-Golgi GBF1 were 
greater (Fig.  5, E–G). Furthermore, overexpression of CRI​
SPR-sensitive myc-UNC50 in ΔUNC50 cells, which rescued 
STx2B trafficking (Fig.  3, J–L), also rescued the recruitment 
of GBF1 to the Golgi (Fig. 5, H–J). Thus, UNC50 is required 
for the optimal recruitment of GBF1 to the Golgi apparatus. 
Finally, we analyzed whether ARF1 was required for STx2B 
trafficking. Overexpression of a dominant-negative version of 
ARF1 disrupted the Golgi apparatus (Fig. 5 K) consistent with 
prior work (Shiba et al., 2010). Importantly, in transfected cells, 
STx2B failed to traffic to the disrupted Golgi elements (Fig. 5, 
K and L). Thus, activity of ARF1 is required for the transport of 
STx2B to the Golgi. In sum, data in Fig. 5 are consistent with 
the model that UNC50 regulates endosome-to-Golgi trafficking 
of STx2B by recruiting GBF1 to the Golgi apparatus.

Discussion

High-throughput genome-wide knockdown screens are a pow-
erful tool to identify host factors required for the trafficking and 
cytotoxicity of bacterial and plant toxins. Such screens have 
previously been performed for ricin and pseudomonas exotoxin 
(Moreau et al., 2011; Bassik et al., 2013). We now provide data 
for STx1 and STx2. Three important issues are worth discussing 
about this approach. First, an inherent drawback of genome-wide 
screens is that knockdown efficiency is not verified for individ-
ual genes, and incomplete knockdown may prevent identifica-
tion of a required factor. Indeed, in this study, we did not identify 
GPP130 as a primary hit in the STx1 screen, implying that our 
screen did not saturate. Similarly, Moreau et al. (2011) did not 
identify genes encoding the conserved oligomeric Golgi com-
plex as required for ricin toxicity, although other experiments 
indicated that this complex was required. Despite the lack of sat-
uration, the strength of the screening approach is in identifying 

hits that protect against toxicity. As described in the first sec-
tion of the Results, we identified factors previously known to 
be required for STx1 trafficking as hits in the STx1 primary 
screen. Additionally, we validated UNC50. Thus, although the 
screening strategy may fail to identify all required factors, novel 
hits confirmed through a secondary screen likely play important 
roles in toxin trafficking/cytotoxicity. As additional hits in our 
screen are analyzed in the future, it is likely that obtained re-
sults will substantially enhance our understanding of the means 
by which STx1 and STx2 intoxicate cells and contribute toward 
the development of rational drug design strategies to selectively 
block retrograde toxin transport. A related issue is the caveat that 
functional and mechanistic analy-ses of hits remain challenging, 
which prevents high-throughput screens from having an im-
mediate transformative effect on drug discovery. Nevertheless, 
identification of hits acts as the starting point for mechanistic 
studies, and recent technological advances such as the advent 
of CRI​SPR as a genome editing tool and the availability of im-
proved small molecule inhibitors are expected to enhance the 
rate at which hits are functionally analyzed. Finally, as noted in 
the UNC50 is required for optimal transport. . . section of the 
Results, the fact that depletion of UNC50-affected trafficking of 
multiple cargoes suggests that it is unlikely to be the endosomal 
receptor for STx2B. It is possible that one of the other hits in the 
genome-wide screen functions as the endosomal STx2B recep-
tor. However, the lack of saturation implies that the endosomal 
receptor for STx2B, if it exists, may also not be among the hits. 
Irrespective of the identification of the STx2B endosomal recep-
tor, the arguments presented in this study imply that data ob-
tained from the STx1 and STx2 genome-wide screens will likely 
have important impacts in the fields of STEC-induced disease, 
host pathogen interactions, and protein trafficking.

Complete loss of UNC50 profoundly inhibited early en-
dosome-to-Golgi trafficking of STx2B. The underlying mech-
anism was the UNC50-dependent recruitment of GBF1 to the 
Golgi. The means by which association of GBF1 with Golgi 
membranes regulates trafficking events at the level of endosomes 
remains to be elucidated. Characterization of the recruitment of 
ARF-GEFs and clathrin adapters to STx2-positive endosomes 
in the presence or absence of GBF1 may be informative.

Localization of ARF-GEFs to specific membranes is im-
portant in ensuring compartment-specific coat protein recruit-
ment. Rab1 and phosphatidylinositol 4-phosphate are known to 
be required for the recruitment of GBF1 to the Golgi (Donaldson 

against giantin. (D) Quantification of the Pearson’s coefficient for colocalization between STx2B and giantin from C (n = 25 cells per group). *, P < 0.05 
for the comparison between WT cells at 60 min and ΔUNC50 cells at 60 min by one-way ANO​VA and Tukey-Kramer post hoc test. (E) Quantification of 
STx2B fluorescence intensities from C. Intensity of WT cells at 0 min was set to 100. Intensities of other groups were expressed relative to WT at 0 min 
(n ≥ 25 cells per group). *, P < 0.05 for the difference between WT cells at 0 min and other groups using one-way ANO​VA and Dunnett’s post hoc test.  
(F) ΔUNC50 cells were transfected with GFP-tagged Rab5. 1 d after transfection, transport of His-tagged STx2B was assayed. Cells were fixed 10 min 
after start of transport and imaged to detect STx2B using a polyclonal antibody against the His tag and GFP. Arrowheads show overlap between STx2B 
and GFP. (G) ΔUNC50 cells were treated with leupeptin (100 µg/ml) and pepstatin (50 µg/ml) for 24 h or left untreated. After this, transport of STx2B 
was assayed. Cells were fixed at 0 min or 4 h after start of transport (0 min time-point is not depicted). STx2B was detected using a polyclonal antibody 
against the His tag. Golgi was demarcated using a monoclonal antibody against giantin. (H) Quantification of STx2B fluorescence intensities from 
G. For each treatment condition, intensity at 0 min was normalized to 100, and intensity at 4 h was expressed relative to 0 min (n = 25 cells per group).  
*, P < 0.05 by t test. (I) Transport of STx2B was assayed in ΔUNC50 cells treated with leupeptin (100 µg/ml) and pepstatin (50 µg/ml) as described in 
G. Cells were fixed at the 4-h time point and imaged to detect STx2B, using the polyclonal anti-His antibody, and Lamp2, using a monoclonal antibody. 
Arrowheads show overlap between STx2B and Lamp2. (J) ΔUNC50 cells were transfected with CRI​SPR-sensitive myc-tagged UNC50. 1 d after transfection, 
transport of STx2B was assayed. Cells were fixed at 0 or 60 min after start of transport and imaged to detect His and myc tags. Asterisks denote transfected 
cells. Bars: (C, G, and J) 25 µm; (F and I) 5 µm. (K) Quantification of STx2B fluorescence intensities from J. For each transfection condition, intensity at 0 
min was set to 100, and intensity at 60 min was expressed relative to 0 min (n = 20 cells per group). *, P < 0.05 by t test. (L) Quantification of the Pear-
son’s coefficient for colocalization between STx2B and myc-UNC50 at 0 or 60 min in transfected cells from J. The signal from myc-UNC50 demarcated 
the Golgi in transfected cells because in ΔUNC50 cells, CRI​SPR-sensitive myc-UNC50 was enriched in the Golgi (Fig. 2, H–J; n = 25 cells per group).  
*, P < 0.05 by t test; error bars show means ± SEM.
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Figure 4.  UNC50 is required for the optimal transport of STx1 to the Golgi. (A) Viability of WT or ΔUNC50 cells exposed to indicated amounts of STx1 
holotoxin for 16 h was assessed as described in Fig. 3 A (n = 3). (B) Depiction of the mean LD50 of STx1 from A with 95% confidence intervals (CIs).  
*, P < 0.05 by t test. (C) Trafficking of Alexa Fluor 555–labeled STx1B was assayed in WT or ΔUNC50 cells. Cells were fixed at 0 or 60 min after start of 
transport. Golgi was demarcated using a monoclonal antibody against giantin. (D) Quantification of the Pearson’s coefficient for colocalization between 
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and Jackson, 2011). UNC50 now emerges as another protein 
that plays an important role in regulating GBF1 localization. 
The process by which these factors cooperatively mediate 
membrane recruitment of GBF1 under physiological conditions 
as well as the consequences of changes in activities or levels of 
one or more of these factors in disease states (e.g., up-regula-
tion of UNC50 in hepatocellular carcinoma; Fang et al., 2015) 
on GBF1 function is another important area of future research.

In ΔUNC50 cells, a pool of STx1B still trafficked to the 
Golgi, implying that UNC50 is a differential regulator of cargo 
trafficking at the early endosome-to-Golgi transport step. Dif-
ferences in the amount of STx1 and STx2 that were routed for 
lysosomal degradation in ΔUNC50 cells may account for dif-
ferences in the observed protective effects against each toxin. 
Moreover, loss of UNC50 also targeted the host STx1B en-
dosomal receptor GPP130 for lysosomal degradation. These 
results are consistent with a study in Caenorhabditis elegans 
in which depletion of UNC50 led to lysosomal degradation of 
levamisole-sensitive acetylcholine receptor (Eimer et al., 2007). 
Overall, current evidence suggests that an important cellular 
function of UNC50 may be to regulate trafficking and localiza-
tion of endogenous cargo proteins.

In conclusion, using an unbiased genome-wide siRNA 
screening strategy, we identified host genes required for STx1- 
and/or STx2-induced cytotoxicity and then elucidated the 
mechanism of action of UNC50. These results provide novel 
and critical insights into the biology of retrograde trafficking 
and STEC-induced disease.

Materials and methods

Cell culture
Unless otherwise specified, assays were performed using a HeLa cell 
subline that overexpressed globotriaosylceramide, the cell surface gly-
cosphingolipid receptor for STx1B and STx2B. This cell line is referred 
to as WT throughout the study. We have extensively characterized the 
retrograde trafficking of STx1B and STx2B in this subline (Selyunin 
and Mukhopadhyay, 2015). For this study, cell culture was performed 
as described previously (Selyunin and Mukhopadhyay, 2015).

Primary genome-wide siRNA screen and data analyses
The screen was performed at the siRNA screening facility of 
M.D.  Anderson Cancer Center. The human genome-wide siRNA 
library (GE Healthcare), which comprised pooled siRNAs target-
ing 21,067 predicted open reading frames such that each gene was 
targeted by four separate siRNAs, was used. The library is provided 
in 96-well plates, and the screen was performed in 384-well plates. 
For quality control, we included the following control conditions on 
every plate: wells with media only, wells with cells only, transfec-
tion with a nontargeting negative control siRNA (this was designed 
to control for nonspecific effects of siRNA transfection on viabil-
ity), and transfection with a positive control siRNA that targeted 
polo-like kinase 1 (knockdown of polo-like kinase 1 induces apop-
tosis in cancer cells). Before initiation, ideal growth and transfec-
tion conditions as well as LD50 of STx1 and STx2 were established. 
Based on these optimization assays, we plated 800 HeLa cells per 
well and performed reverse transfection using Lipofectamine re-
agent (Invitrogen). 2 d after transfection, cells were treated with  
0.1 pg/ml STx2 or 0.4 pg/ml STx1 for 72  h.  Control conditions 
(media only, cells only, negative control siRNA, or positive con-
trol siRNA) were not exposed to any toxin. After toxin exposure, 
viability was assessed using the Cell Titer Blue Viability Assay 
(Promega). In brief, 100 µl of the reagent was introduced into each 
well containing 100 µl of media. The plates were placed on a shaker 
for 3 min to promote complete lysis of the cells, and luminescence 
intensity was determined using a PHE​RAstar plate reader (BMG 
LabTech). The screen was performed in triplicate for each toxin.

We analyzed the data using the following steps for each toxin. 
On each 384-well plate, we expressed the viability of siRNA-exposed 
and toxin-treated cells as a percentage of the viability of cells that were 
transfected with the negative control siRNA and not exposed to the 
toxin. Use of plate-specific controls was important to ensure results 
were not confounded by plate-to-plate variations. After this, for each 
knockdown, we calculated the median viability from the triplicate. 
Next, we calculated the mean of the median viability for all genes in the 
screen. This was 43 ± 11% (mean ± SD) for STx1 and 42 ± 10% (mean 
± SD) for STx2. Finally, we classified genes in which, after knockdown 
and toxin exposure, viability was two SDs greater than the mean of the 
median of all genes in the screen as hits (i.e., >65% on the STx1 screen 
and >62% on the STx2 screen; these genes had a z score >2).

STx1B and giantin from C (n = 25 cells per group). *, P < 0.05 for the comparison between WT cells at 60 min and ΔUNC50 cells at 60 min by one-
way ANO​VA and Tukey-Kramer post hoc test. (E) Quantification of STx1B fluorescence intensities from C. Intensity of WT cells at 0 min was set to 100. 
Intensities of other groups were expressed relative to WT at 0 min (n = 25 cells per group). *, P < 0.05 for the difference between WT cells at 0 min and 
other groups using one-way ANO​VA and Dunnett’s post hoc test. (F) ΔUNC50 cells were treated with leupeptin (100 µg/ml) and pepstatin (50 µg/ml) for 
24 h or left untreated. Transport of fluorescently labeled STx1B was then assayed. Cells were fixed at 0 or 60 min after start of transport (0-min time point 
is not depicted). Golgi was demarcated using a monoclonal antibody against giantin. (G) Quantification of STx1B fluorescence intensities from F. For each 
treatment condition, intensity at 0 min was normalized to 100, and intensity at 60 min was expressed relative to 0 min (n ≥ 25 cells per group). *, P < 
0.05 by t test. (H) Immunoblot analyses were performed using lysates prepared from WT or ΔUNC50 cells to detect GPP130, using a polyclonal antibody, 
or tubulin, using a monoclonal antibody. (I) Quantification of GPP130 levels normalized to tubulin from H (n = 3). *, P < 0.05 by t test. (J) ΔUNC50 cells 
were treated with or without leupeptin (100 µg/ml) and pepstatin (50 µg/ml) for 24 h and stained to detect GPP130, using a monoclonal antibody, and 
giantin, using a polyclonal antibody. Arrowheads show GPP130 in cytoplasmic punctae. Dotted boxes mark insets. (K) Quantification of GPP130 levels 
from J. Note that images for WT cells are not depicted in J. For quantification, fluorescence intensity in WT cells was set to 100, and intensities in ΔUNC50 
cells were expressed relative to WT (n ≥ 25 cells per group). *, P < 0.05 for the difference in GPP130 levels between indicated groups using one-way 
ANO​VA and Tukey-Kramer post hoc test. (L) ΔUNC50 cells were transfected with CRI​SPR-sensitive myc-tagged UNC50. 1 d after transfection, cells were 
fixed and imaged to detect GPP130, using a polyclonal antibody, and the myc tag. Asterisks denote transfected cells. (M) Quantification of GPP130 levels 
from L. Note that images for WT cells, which were not transfected with the myc-UNC50 plasmid, are not depicted in L. For quantification, fluorescence 
intensity in WT cells was set to 100, and intensities in ΔUNC50 cells were expressed relative to WT (n ≥ 15 cells per group). *, P < 0.05 for the difference 
between WT and other groups using one-way ANO​VA and Dunnett’s post hoc test. (N) ΔUNC50 cells were transfected with CRI​SPR-sensitive myc-tagged 
UNC50. 1 d after transfection, transport of fluorescently labeled STx1B was assayed. Cells were fixed at 0 or 60 min after start of transport (the 0-min time 
point is not depicted) and imaged to detect STx1B and myc. Bars: (C, F, J [main images], L, and N) 25 µm; (J, insets) 5 µm. (O) Quantification of STx1B 
fluorescence intensities from N. For each transfection condition, intensity at 0 min was normalized to 100, and intensity at 60 min was expressed relative 
to 0 min (n = 15 cells per group). *, P < 0.05 by t test; error bars show means ± SEM.
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Figure 5.  UNC50 mediates recruitment of GBF1 to the Golgi apparatus. (A) WT cells were transfected with control or anti-GBF1 siRNAs. After 48 h, cells 
were imaged to detect GM130 and GBF1. (B) Quantification of GBF1 fluorescence intensities from A. Intensity in cells transfected with control siRNA was 
normalized to 100 (n = 15 cells). *, P < 0.05 by t test. (C) Trafficking of His-tagged STx2B was assayed in cells transfected with control or anti-GBF1 siRNAs 
for 48 h. Cells were fixed 60 min after start of transport. STx2B was detected using a polyclonal antibody against the His tag. Golgi was demarcated 
using a monoclonal antibody against GM130. (D) Quantification of the Pearson’s coefficient for colocalization between STx2B and GM130 from C (n = 
15 cells). *, P < 0.05 by t test. (E) WT or ΔUNC50 cells were fixed, and endogenous GM130 and GBF1 were detected using monoclonal and polyclonal 
antibodies, respectively. (F) Quantification of GBF1 levels from E. Intensity in WT cells was normalized to 100 (n = 15 cells). (G) Quantification of the 
relative intracellular distribution of GBF1 from E. Signal for GM130 was used to delineate the Golgi (n = 25 cells). *, P < 0.05 between indicated groups 
using one-way ANO​VA and Tukey-Kramer post hoc test. (H) ΔUNC50 cells were transfected with CRI​SPR-sensitive myc-UNC50 for 24 h. After this, cultures 
were fixed and stained to detect endogenous GBF1, GRA​SP65, and the myc tag. Asterisks denote transfected cells. (I) Quantification of GBF1 levels from 
H. Intensity in untransfected cells was normalized to 100 (n = 15 cells). (J) Quantification of the relative intracellular distribution of GBF1 from H. Golgi 
was demarcated using the signal for GRA​SP65 (n = 15 cells). *, P < 0.05 between indicated groups using one-way ANO​VA and Tukey-Kramer post hoc 
test. (K) WT cells were transfected with HA-tagged dominant-negative ARF1T31N for 24 h. After this, transport of His-STx2B was assayed. Cells were fixed  
60 min after start of transport. ARF1 was detected using a monoclonal antibody against the HA tag, STx2B was detected using a polyclonal antibody 
against the His tag, and GRA​SP65 was detected using a polyclonal antibody. Asterisks denote transfected cells. Bars, 25 µm. (L) Quantification of the 
Pearson’s coefficient for colocalization between STx2B and GRA​SP65 from K (n = 15 cells). *, P < 0.05 by t test; error bars show means ± SEM.
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Secondary screen and data analyses
The secondary screen was also performed at the siRNA screening facil-
ity of M.D. Anderson Cancer Center. For each selected primary screen 
hit, the siRNA pool was deconvoluted, and each hit was independently 
targeted using four separate siRNAs. Further processing, including pos-
itive control and negative control siRNAs used, exposure to STx2 (0.1 
pg/ml, which is the LD50 of STx2), and assessment of cell viability was 
done exactly as described for the primary screen. Each siRNA trans-
fection was performed at least in triplicate. After this, identical to the 
primary screen, we expressed the viability of siRNA- and toxin-treated 
cells as a percentage of the viability of cells transfected with the negative 
control siRNA and not exposed to the toxin. We then calculated the me-
dian viability for each siRNA knockdown from replicates. Finally, we 
considered genes for which after knockdown with at least two siRNAs, 
median viability after toxin exposure was >62% (the cutoff necessary to 
be considered a hit in the primary STx2 screen) as validated hits. Note 
that, as cells were treated with the LD50 of STx2, arguably, it was possi-
ble to consider any gene with viability >50% as validated. However, we 
used a higher (>62%) viability cutoff to reduce the risk of performing 
time-consuming functional assays on false-positive hits; if at least two 
siRNAs gave a level of protection similar to the siRNA pool used in the 
primary screen, the likelihood of a false positive was reduced.

Generation of ΔUNC50 HeLa cells
We generated ΔUNC50 cells using a lentiviral-based CRI​SPR system. 
The lentiviral transfer plasmid (57818; Addgene; Heckl et al., 2014) 
coexpressed the guide RNA and Cas9. The sequence of the guide RNA 
was 5′-AAT​CTA​TGA​GTA​CAA​CCC​AA-3′. The targeted comple-
mentary sequence in the UNC50 gene included nucleotides 345–364, 
which code for amino acids 114–122 in exon 2. We used HEK293T 
cells and a third-generation packaging system to produce lentivirus. 
Cotransfection of the packaging plasmids pRSV-Rev and pRRE, the 
envelope plasmid pHCMV-G, and the transfer plasmid was done as fol-
lows. HEK293T cells were plated in 10-cm plates such that 24 h after 
plating, the culture was ∼80–90% confluent. Before transfection, the 
media was replaced with 5.5 ml of fresh DMEM/F12 (Corning) supple-
mented with 10% FBS (Atlanta Biologicals). There were no antibiotics 
in the media. After this, a transfection mix was prepared that contained 
1.5 ml of Opti-MEM (Thermo Fisher Scientific), 45 µl of TransIT-2020 
transfection reagent (Mirus Bio), and 4 µg of each plasmid. The trans-
fection mixture was gently mixed, incubated at room temperature for 
30 min, and added to cells. After 40–48 h of transfection, the media 
was removed and filtered through a 0.45-µm polyvinylidene difluoride 
filter. Then, 30 µg of polybrene (Santa Cruz Biotechnology, Inc.) was 
added to the filtered media, and ∼3 ml of the mixture was dispended 
into a 35-mm dish. Approximately 1 ml of freshly trypsinized HeLa 
cells that were the lentivirus target were plated into the 35-mm dish at a 
concentration of ∼300,000 cells/ml. Note that these cells overexpressed 
globotriaosylceramide. After 24 h of infection, cells were passaged and 
now maintained in DMEM/F12 containing 10% FBS and supplemented 
with 100 U/ml penicillin and 100 µg/ml streptomycin (Corning).  
Finally, single-cell clones were generated, selected, and expanded.

Genomic DNA was extracted from these clones using Puregene 
Core kit A (QIA​GEN). For sequencing, we PCR amplified an ∼250–
base pair region around the locus targeted by the CRI​SPR system, 
inserted the PCR-amplified region into pCR4-TOPO vector using the 
TopoTA cloning kit (Thermo Fisher Scientific), and for each HeLa cell 
clone, sequenced 10–12 bacterial colonies.

Plasmid constructs and transient DNA transfections
Plasmids for generating lentivirus are described in the previous section. 
Myc-DDK-GBF1 plasmid (RC235341) was from OriGene. HA-tagged 

ARF1T31N plasmid was from Addgene (10833; Addgene; Furman et al., 
2002). We previously described the untagged STx1B and Rab5-GFP 
plasmids (Selyunin and Mukhopadhyay, 2015). CRI​SPR-sensitive 
myc-tagged full-length UNC50 was generated as follows. RNA was ex-
tracted from HeLa cells and reverse transcribed to cDNA as described 
previously (Leyva-Illades et al., 2014). The UNC50 gene was ampli-
fied using the following primers: forward, 5′-AAC​TCG​AGA​TGG​AAC​ 
AAA​AAC​TCA​TCT​CAG​AAG​AGG​ATC​TGA​TGT​TAC​CGA​GTA​CTT​
CAG-3′; and reverse, 5′-AAG​GAT​CCT​TAT​TTC​ACT​CTG​TAC​TTA​
TAG​AAA​GAAC-3′. PCR conditions were as follows: 94°C for 5 min, 
30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and 72°C 
for 10 min. The PCR product was digested using XhoI and BamHI 
enzymes (New England Biolabs, Inc.) and ligated into pEGFP-N3 
vector; there was a stop codon before the start of the GFP coding se-
quence. The CRI​SPR-resistant construct was generated by introducing 
a silent mutation in the protospacer-adjacent motif sequence that pre-
cedes the target DNA sequence in the CRI​SPR-sensitive construct de-
scribed above. The silent mutation was introduced using QuikChange 
as described previously (Selyunin and Mukhopadhyay, 2015); primers 
consisted of forward, 5′-CTT​TGA​GAC​AAT​AAA​GCT​TCT​ATT​GTG​
GGT​TGT​ACT​CAT​AGA​TTG-3′; and the reverse primer, which was 
the inverse complement of the forward primer. GFP-tagged SLC30A10 
plasmid was generated by amplifying the SLC30A10 sequence from 
the previously described FLAG-SLC30A10 plasmid (Leyva-Illades et 
al., 2014; Zogzas et al., 2016) and inserting it into pEGFP-N3 vector. 
Plasmids were transfected using the JetPEI transfection reagent as de-
scribed previously (Selyunin and Mukhopadhyay, 2015).

siRNA transfections to deplete GBF1
siRNA transfections were performed as described previously (Mukho-
padhyay and Linstedt, 2011; Leyva-Illades et al., 2014; Selyunin and 
Mukhopadhyay, 2015). The control siRNA does not target any human 
gene and has been extensively characterized by us (Mukhopadhyay and 
Linstedt, 2011; Leyva-Illades et al., 2014; Selyunin and Mukhopad-
hyay, 2015). The siRNA against GBF1 targeted the sequence 5′-CGA​
AAT​GCC​CGA​TGG​AGCA-3′ in the human GBF1 gene and has been 
previously described (Szul et al., 2007).

RT-PCR
These were performed from cDNA generated from WT or ΔUNC50 
cells. Primers used were as follows: for amplification of an ∼170–base 
pair fragment from sequences upstream of the region targeted by the 
CRI​SPR, forward, 5′-CAG​ATG​CTC​TAC​CTG​TTC​ACA​TCCC-3′; 
and reverse, 5′-GAA​TCC​CAT​GTC​CAG​CAC​AAA​GCC-3′; and for 
amplification of an ∼140–base pair fragment from sequences down-
stream of the region targeted by the CRI​SPR, forward, 5′-GTT​GGC​
TAT​TAT​ATC​TAT​GTA​ACT​TTC​CTG​GG-3′; and reverse, 5′-GGG​
TGA​AGT​TCC​ATC​CCA​GTGC-3′. PCR conditions were as follows: 
94°C for 5 min, 30 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for  
1 min, and 72°C for 10 min.

Protein purification, labeling, and transport assays
Purification and labeling of untagged STx1B with Alexa Fluor 555 
(Thermo Fisher Scientific) was done as described previously (Sely-
unin and Mukhopadhyay, 2015). His-tagged STx2B was obtained from 
BEI Resources. Transport assays using untagged STx1B or His-tagged 
STx2B were performed exactly as described previously (Selyunin 
and Mukhopadhyay, 2015).

Viability assays
WT or ΔUNC50 HeLa cells were exposed to indicated doses of STx1 or 
STx2 for 16 h. The toxins were obtained from BEI Resources. Viability 
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was assessed using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide 3-4-5 (MTT) reagent as described previously 
(Leyva-Illades et al., 2014; Zogzas et al., 2016).

Antibodies
Monoclonal antibodies against the myc tag and GM130 were from  
Sigma-Aldrich and BD, respectively. Polyclonal antibody against 
GBF1 was from Abcam. We have previously described other antibodies 
used in this study (polyclonal antibodies against the His tag, calnexin, 
and GRA​SP65, monoclonal and polyclonal antibodies against GPP130, 
monoclonal and polyclonal antibodies against giantin, and monoclonal 
antibodies against tubulin, the HA tag, and Lamp2; Mukhopadhyay et 
al., 2010; Mukhopadhyay and Linstedt, 2011, 2012; Leyva-Illades et 
al., 2014; Selyunin and Mukhopadhyay, 2015; Zogzas et al., 2016).

Immunofluorescence, microscopy, and image analyses
These were performed exactly as described previously (Selyunin and 
Mukhopadhyay, 2015). To summarize details of the microscope in this 
study, we used a sweptfield confocal microscope equipped with a four-
line high-power laser launch and a 100× 1.45 NA oil immersion objec-
tive (Nikon). An iXon3 X3 DU897 electron-multiplying charge-coupled 
device camera (Andor Technology) was used for image capture. All 
images were captured as z stacks with 0.2-µm spacing between indi-
vidual frames. Images depicted in the figures are maximum-intensity 
projections of the stacks.

All analyses were performed using ImageJ (National Institutes of 
Health) as described previously (Selyunin and Mukhopadhyay, 2015).

Immunoblot analyses
Cells were lysed in buffer containing 150  mM NaCl, 1% NP-40 
(Sigma-Aldrich), 0.1% sodium dodecyl sulfate, and 50  mM Tris, 
pH 8.0.  Whole-cell lysates were centrifuged at 14,000  g for 20 min 
at 4°C.  The supernatant was used for immunoblot analyses as de-
scribed previously (Leyva-Illades et al., 2014). Immunoblots were 
quantified using ImageJ.

Statistical analyses
Detailed methodology used to analyze data from the genome-wide 
siRNA screen is described in the Primary genome-wide siRNA 
screen… section above. For other statistical analyses, we used Prism6 
software (GraphPad Software). All experiments were repeated at least 
three times independently. Comparisons between two groups were 
performed using Student’s t test assuming equal variances. Compari-
sons between multiple groups at the same time were performed using 
one-way ANO​VA followed by Dunnett’s or Tukey-Kramer post hoc 
tests. Nonparametric statistics were used to calculate LD50 of STx1 
and STx2. For all analyses, P < 0.05 was considered to be statistically 
significant. Asterisks in graphs, where present, denote statistically 
significant differences.

Online supplemental material
Table S1 shows data from the STx1 primary screen. Table S2 shows 
data from the STx2 primary screen. Table S3 provides a list of primary 
screen hits that were specific for STx1 (STx1-unique hits), specific for 
STx2 (STx2-unique hits), or common for both toxins. Table S4 pro-
vides a list of primary screen hits predicted to localize to endosomes/
Golgi. Table S5 presents data from the secondary screen.
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