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Abstract

Salmonella enterica can actively invade the gastro-intestinal epithelium. This frequently
leads to diarrheal disease, and also gives the pathogen access to phagocytes that can
serve as vehicles for dissemination into deeper tissue. The ability to invade host cells is also
important in maintaining the carrier state. While much is known about the bacterial factors
that promote invasion, relatively little is known about the host factors involved. To gain
insight into how Salmonella enterica serovar Typhimurium is able to invade normally non-
phagocytic cells, we undertook a global RNAi screen with S. Typhimurium-infected human
epithelial cells. In all, we identified 633 genes as contributing to bacterial internalization.
These genes fall into a diverse group of functional categories revealing that cytoskeletal reg-
ulators are not the only factors that modulate invasion. In fact, potassium ion transport was
the most enriched molecular function category in our screen, reinforcing a link between
potassium and internalization. In addition to providing new insights into the molecular mech-
anisms underlying the ability of pathogens to invade host cells, all 633 host factors identified
are candidates for new anti-microbial targets for treating Salmonella infections, and may be
useful in curtailing infections with other pathogens as well.

Introduction

S. Typhimurium produces diarrheal disease in humans. It is generally self-limiting but can be
serious in infants and the elderly and also in immunocompromised patients. The closely
related Salmonella enterica serovar Typhi on the other hand causes typhoid fever, a more seri-
ous, systemic disease, which is potentially fatal in otherwise healthy people. The public health
threat is compounded by the emergence of multi-drug resistant strains[1]. In fact, strains of S.
Typhi resistant to ciprofloxacin and most other antibiotics have become endemic in India and
have also been reported in developed countries[2]. Salmonella is also studied because it is a
convenient model organism for dissecting basic pathogenic properties such as the ability of
microorganisms to invade host cells.
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Following consumption, Salmonella deploys two distinct type III secretion systems har-
bored by Salmonella pathogenicity islands 1 and 2 (SPI-1 and SPI-2)[3]. These systems span
the bacterial envelope and either the plasma or vacuolar membranes of host cells[3]. They
function as ‘molecular syringes’, injecting a cocktail of effectors into host cell cytosol that
manipulate various cellular functions in ways that benefit the pathogen|[3]. Salmonella utilizes
SPI-1 to invade cells and invoke an inflammatory response[4-6], important components of
the gastrointestinal (GI) phase of disease. The role of SPI-1 in Salmonella pathogenesis in not
limited to the GI phase of disease however, as numerous genes located in SPI-1 are synthesized
at late stages of infection in the murine model of acute typhoid fever and are also required for
persistence and shedding in a murine model of the carrier state[7-9]. After invasion of host
cells, Salmonella utilizes SPI-2 to grow within them[10-12] and to influence phagocyte move-
ment[13-15]. Inside cells, Salmonella resides within the Salmonella containing vacuole (SCV),
which diverges from the endocytic pathway due to the action of both SPI-1 and SPI-2[16].

The host processes that are required for bacterial entry and the early establishment of a suc-
cessful infection are not yet fully elucidated. With a global RNAi screen, we identified 633 human
genes, which facilitate S. Typhimurium invasion of MCF-7 cells, including a large suite of genes
involved in potassium transport. This study should contribute to the study of both GI and sys-
temic salmonellosis and the genes identified may be able to serve as new anti-microbial targets.

Results

Human epithelial cell screen to identify host factors required for S.
Typhimurium invasion

In our genome-wide screen, using a reverse transfection protocol, we targeted ~22,000 known
or predicted genes in human epithelial-like MCF-7 cells with siRNAs arrayed in 384 well plates.
Four independent siRNAs, two in one plate and another two in a parallel plate targeted each
gene. This 2 X 2 format reduced the likelihood that off-target effects accounted for the pheno-
types. We incubated the cells for 72 hours following transfection, before infecting them with S.
Typhimurium for thirty minutes. The 72-hour incubation allowed even long-lived proteins a
chance to turn over. The strain expressed a copy of the GFP from a plasmid. Gentamicin was
used to eliminate extracellular bacteria. Eighteen hours after infection, we fixed the cells, stained
nuclei with Hoechst 33342 and determined the percentage of host cells that were infected by
measuring GFP fluorescence within the estimated periphery of cells. The 18 hour incubation
allowed us to identify host genes that modulated the intracellular growth of the bacteria, which
were presented elsewhere[17], as well as those that facilitate invasion. Genes that reduced bacte-
rial infection and had a p-value < 0.02 in parallel wells were considered hits. We did not consider
as hits wells that had fewer than 500 cells present as there was a positive correlation between the
percentage of cells infected and the total present below this number, but not above it (S1 Fig).
The phenotypes of some of the hits may be attributable to physiology changes that allowed genta-
micin to build up inside of the epithelial cells. However, this is probably not the case for the
majority of the hits as a cell affected in this manner would likely be unhealthy and moreover we
did not identify genes involved in drug efflux as would be expected if it was an issue.

The host network that promotes S. Typhimurium invasion of epithelial
cells
In all, 633 genes were identified as facilitating S. Typhimurium entry into MCF-7 cells. These

genes are described in S1 Table. Information on all of the genes screened can be found in S2
Table. The two most prominent string-derived subnetworks are displayed in Figs 1 and 2.
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Fig 1. The most prominent Sting-derived subnetwork that promotes the invasion of epithelial cells by S. typhimurium. The subnetwork is involved
in potassium transport.

doi:10.1371/journal.pone.0166916.9001
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Fig 2. The second most prominent Sting-derived subnetwork that promotes the invasion of epithelial cells
by S. typhimurium is also involved in potassium transport.

doi:10.1371/journal.pone.0166916.g002

Both subnetworks are involved in potassium ion transport. The members of these subnetworks
are described in S3 and S4 Tables. The molecular function categories of 633 genes, for which
there was significant enrichment are show in Fig 3. The most enriched category by far, with a
remarkable p-value of 9.86 X 10™'" was potassium transport. Potassium levels, but not potas-
sium transport, have been shown to play a role in Salmonella pathogenesis. The bacterial potas-
sium transporter Trk and external potassium modulate Salmonella type I1I secretion, invasion
of epithelial cells and pathogenesis in mice and chickens[18,19]. In addition to genes involved
in potassium transport, the molecular function categories of metal ion binding and transport
were also highly enriched with p-values of 7.15 X 10~® and 6.49 X 10™7 respectively. Iron has
been shown to play a role in regulating invasion[20].

Comparison with another RNAI screen that identified genes involved in
invasion

A different group performed an RNAIi screen on the ‘druggable’ genome with HeLa epithelial-
like cells and S. Typhimurium to identify genes involved in invasion. The genes shared
between our study (633) and Misselwitz et. al.[21] (90) are CYP26C1, TUBA4B, CYP27A1 and
MUCS5AC. Cytochrome P450 26C1 (CYP26C1) is inferred from electronic annotation to play
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arole in retinoic acid metabolism. Although it was identified in both studies, it is not clear
how it would contribute to invasion. Putative tubulin-like protein alpha-4B (TUBA4B) is elec-
tronically inferred to bind GTP and to be a structural component of the cytoskeleton and
accordingly, could plausibly play a role in internalization. Sterol 26-hydroxylase, mitochon-
drial (CYP27A1) is electronically inferred to catalyze the first step in sterol intermediate side
chain oxidation. It is unclear how this would promote invasion. Mucin-5AC (MUC5AC) is an
extracellular matrix structural constituent, which is a gel forming glycoprotein of gastric and
respiratory tract epithelial that binds microorganisms that are then removed by the mucocilary
system thereby protecting the epithelial cells from infection[22]. It seems possible that this
gene was identified in both screens because the encoded protein facilitates close association of
the epithelial cells and S. Typhimurium without a mucocilary system in the in vitro systems to
remove the bacteria.

Identification of genes that likely cause the SCV to fuse with lysosomes

We previously published the human genes we identified as promoting the growth of S. Typhi-
murium within MCF-7 cells[17] This list of 252 genes had 43 in common with the ones pre-
sented here that promote invasion. The absence of the genes likely does not affect invasion but
rather causes the SCV to merge with the lysosome. The genes that fall in both groups are shown
in S5 Table. Notable among this list are copine 5 (CPNES5), Ras-related protein 1B (Rablb),
Myotubularin-related protein 3 (MTMR3) and the lysosomal H" transporting subunit VOD1
(ATP6VOD1). CPNES5 functions in membrane trafficking and its absence could affect the fate of
the early SCV[23] as could Rablb, as Rabs are small GTPases that are key regulators of intracel-
lular membrane trafficking[24]. MTMR3 is a phosphatase that acts on phosphatidyl inositol
(PtdIns) species that control the endocytic pathway[25]. ATP6VOD1 is a component of the vac-
uolar ATPase that is responsible for acidifying the SCV[26]. S. Typhimurium uses acid as a cue
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to express SPI-2 related virulence genes which are necessary for avoiding fusion of the SCV
with lysosomes[27].

The identification of human genes that could participate in S.
Typhimurium entry into human cells

While many of the 633 host factors identified as mediating the internalization of S. Typhimur-
ium likely play novel roles in the process and fall into a diverse group of functional categories,
numerous hits can be immediately rationalized as proteins that could facilitate invasion. Some
of these hits are described below. The raw microscopy data for these hits is displayed in Fig 4.

KCNAY7 is predicted to be a potassium voltage-gated channel of the shaker-related subfam-
ily. KCNC2 is a potassium voltage-gated channel of subfamily C. In response to the voltage dif-
ference across the membrane, KCNC2 assumes an open or closed conformation, which when
open forms a potassium selective channel that potassium ions can pass through[28]. KCNA7
and KCNC2 are two among at least 22 genes identified that play roles in mediating potassium
transport. Potassium ions are known to activate SPI-1 and invasion[1,19].

We identified three Rho guanine nucleotide exchange factors (GEFs), one phophilin-2 like
protein, which binds Rho proteins as well as one actual member of the Rho family as contrib-
uting to the invasion of epithelial cells by S. Typhimurium. Rho GEF 25 (ARHGEF25) and
FYVE, RhoGEF and PH domain-containing protein 3 (FGD3) as well as Rho GEF 12 (ARH-
GEF12) are hits that can be easily rationalized as playing roles in the invasion of epithelial cells
by Salmonella even though they have not been previously implicated in this process[29]. These
proteins activate Rac, Cdc42 and Rho that are all well established to play a role in microbial
internalization. Salmonella secretes the SPI-1 type III effectors SopE and SopE2 into epithelial
cells, where they serve as nucleotide exchange factors (GEF) for the small GTP binding pro-
teins Rac and Cdc42, catalyzing the exchange of GTP for GDP[30,31]. These proteins are
active when bound to GTP and control downstream molecules that trigger the formation of
highly branched and interconnected actin networks that lead to the formation of membrane
ruffles, which facilitate Salmonella entry. While bacterially encoded GEFs have been known to
facilitate entry for some time, this is to the best of our knowledge the first report of endogenous
GEFs being required. It will be interesting to determine if these GEFs are directly targeted by
Salmonella secreted proteins. We also identified putative rhophilin-2-like protein (RHPN2P1)
as contributing to S. Typhimurium invasion, which is a member of the rhophilin family of Rho
binding proteins. The protein binds both GTP- and GDP-bound RhoA and GTP-bound RhoB
and may be involved in the organization of the actin cytoskeleton[32]. In addition to Rho
GEFs and RHPN2P1, we also identified a Rho family member, RhoV, which may stimulate the
JNK pathway to influence the actin cytoskeleton[33].

ARFGEF3 has Arf GTPase activity, which could plausibly stimulate Salmonella invasion of
epithelial cells as it could trigger the activation of the WAVE regulatory complex, which Salmo-
nella recruits to the underlying membrane where it governs actin polymerization. In fact,
invading Salmonella are known to recruit and activate Arfl to facilitate ruffling and Arf3 and
Arf6 also promote invasion[34]. Thus, ARFGEF3 could be a new player in mediating the inter-
nalization of Salmonella by human cells.

The identification of ER-Golgi intermediate compartment-1 (ERGIC1) as one of the stron-
ger hits in our screen was at first surprising. This gene encodes an ERGIC cycling membrane
protein that regulates the stability of other members of this protein family. Recently, it was
reported that depletion of the COPI complex resulted in a strong invasion defect for S. Typhi-
murium|[21]. Like ERGIC1, the COPI complex regulates traffic between the ER and the Golgi
apparatus. Depleting cells of COPI resulted in the mislocalization of cholesterol, sphingolipids,
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Fig 4. The microscopy data from some of the hits that can immediately be rationalized as playing a
role in the invasion of epithelial cells by S. typhimurium. Host cell nuclei are in blue and the bacteria are
in green. The upper left image is a representative non-silencing control.

doi:10.1371/journal.pone.0166916.9004

Racl and Cdc42 away from the plasma membrane into a large intracellular compartment,
which decreased virulence factor injection and membrane ruffling[21].

ERGICI is a novel cycling membrane protein, which shares homology with two yeast pro-
teins that are enriched in COPI vesicles: Erv41p and Erv46p. ERGICI localizes to the ERGIC
and colocalizes with the human homologs of Erv41p and Erv46p. Covalent cross-linking
revealed that ERGICI1 interacts with human ERGIC3 (hErv46). Depleting cells of ERGIC1
increases the turnover rate of ERGIC3 however the converse does not occur. Silencing
ERGIC2 increases the turnover of ERGIC3, but not ERGICL. It was thus proposed that
ERGICI serves as a modulator of the ERGIC2-ERGIC3 complex through the stabilization of
ERGIC3([35]. The function of these three proteins in mammalian cells remains to be fully elu-
cidated. Depletion of ERGICI and ERGIC3 does not effect protein or glycoprotein secretion.
Since ERGIC3 and ERGIC2 are interdependent, this double knock down is actually a triple
knock down. This data suggests that these proteins are not essential for vesicular trafficking.
The invasion defect in ERGICI depleted cells may be due to the mislocalization of cholesterol
away from the plasma membrane as cholesterol in the plasma membrane is required for S.
Typhimurium invasion[21]. Interestingly, in our screen, depleting cells of components of the
COPI complex adversely affected host cell health whereas reducing the level of ERGIC1 did
not (S2 Fig).

PtdIns transfer protein (PITPNA) can transfer phospholipids between membranes in vitro
[36]. PtdIns species are known to play roles in bacterial infection[37]. They can provide a nega-
tive charge to the inner side of the plasma membrane that attracts and anchors signaling and
effector molecules that trigger phagosome formation. The loss of charge following their metab-
olism as phagosomes seal then causes the dissociation of proteins with the concomitant termi-
nation of signaling and cytoskeleton assembly[38].

By sequence similarity, Actin-related protein 2/3 complex subunit 5-like protein (ARPC5L)
is predicted to function as a component of the Arp2/3 complex. This complex is involved in
regulation of actin polymerization and together with an activating nucleation-promoting fac-
tor mediates the formation of branched actin networks. It is required for the invasion of epi-
thelial cells by Salmonella[39].

Interfering with geranylgeranyl diphosphate synthase 1 (GGPS1) was also determined to
significantly reduce S. Typhimurium invasion. This enzyme synthesizes geranylgeranyl
diphosphate, which is an important precursor to geranylated proteins, from farnesyl diphos-
phate and isopentenyl diphosphate[40]. Another study showed that treating cells with geranyl-
geranyltransferase inhibitor, prevented Rho GTPases from being geranylgeranylated,
dislocalizing them from the plasmid membrane thereby inhibiting the invasion of HeLa cells
by S. Typhimurium|[21], likely explaining why it came up in our screen.

Pleckstrin homology domain containing family A (phosphoinositide binding specific)
member 4 (PLEKHA4) was another invasion hit. It binds specifically to phosphatidylinositol
3-phosphate (PtdIns3P) but not other PtdIns species, although the consequence of this interac-
tion is not known[41]. It could plausibly play a role in mediating S. Typhimurium invasion, as
PtdIns3P has been implicated in the process and can be found at the ruffling membrane and
nascent phagosomes[42].

Rabs are known to regulate the endocytic pathway and several of them have been impli-
cated in SCV biogenesis and development and been shown to be modulated by S. Typhimur-
ium[43]. Rab18, one of our invasion hits, is not known to be involved in Salmonella
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pathogenesis, but it has been implicated in facilitating transport between the plasma mem-
brane and early endosomes and in light of our results, likely plays a role[43].

GPI ethanolamine phosphate transferase 1 (PIGN), phosphatidylinositol glycan anchor bio-
synthesis, class T (PIGT) and phosphatidylinositol glycan anchor biosynthesis, class H (PIGH)
are all three involved in attaching glycosylphosphatidyl inositol (GPI) anchors to proteins and
localizing them to the apical side of the epithelial cell plasma membrane[44]. Here, these pro-
teins could interact with microbes and facilitate invasion.

Confirmation of the role of potassium secretion in promoting invasion

To confirm the role of potassium secretion in promoting the invasion of epithelial cells by S.
Typhimurium, we utilized alpha dendrotoxin, a chemical inhibitor of a subset of voltage-gated
potassium channels. In this experiment, cells were either untreated or treated with dendro-
toxin or treated with dendrotoxin and potassium and infected with bacteria. We observed that
dendrotoxin deters the invasion of epithelial cells by S. Typhimurium and that addition of
exogenous potassium to the media alleviates the inhibition (Fig 5).

Discussion

While many microbial factors that S. Typhimurium uses to invade normally non-phagocytic
cells have been identified, relatively little is known about the host factors involved in this pro-
cess. This genome-wide screen identifies the human genes exploited by S. Typhimurium and
likely other pathogens as well to facilitate microbial entry into epithelial cells. In addition to
generating much new information that will ultimately help unravel the molecular mechanisms
underlying the ability of S. Typhimurium to invade such human cells, all of the 633 factors
identified here are candidate for a new class of anti-microbial targets.

1.20E405

8.00E+04

6.00E+04

4.00E4+04

2.00E+04

0.00E+00
no treatment dendrotoxin invA::cm KCI dendrotoxin + KCI

Fig 5. An invasion assay was performed with MCF-7 cells that were untreated or treated with dendrotoxin
or treated with dendrotoxin plus potassium or just potassium. An invA::cm strain is included as a control. The
experiment was performed in duplicate on two independent occasions. Error bars depict the standard error of the
mean. *p-value <0.05

doi:10.1371/journal.pone.0166916.9005
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The set of genes identified in our screen had very modest overlap with an RNAi screen
designed to detect host factors associated with invasion mediated by the SPI-1 type III effector
SopE. There are many reasons for the lack of significant overlap. The study by Misselwitz et. al
utilized a different S. Typhimurium strain. They used strain SL1344 whereas we employed
strain 14028s. Also, their strain lacked three effectors that can affect invasion, SipA, SopE2 and
SopB whereas we used wild type 14028s. Their screen was SopE driven whereas strain 14028s
lacks SopE. Additionally, a different siRNA library was used, which was only composed of the
6,978 ‘druggable’ genes whereas we screened the entire genome of apoproximately 22,000
genes. Further, different host cells were used. We employed MCF-7 cells whereas Misselwitz
et. al used HeLa cells. Finally, we did not include as hits genes whose absence affected host cell
health.

The most enriched molecular function category by far was potassium transport. There is
precedence for the manipulation of host ion transport by Salmonella. Salmonella injects the
SPI-1 type III effector SopB into epithelial cells to manipulate PtdIns-P species in order to
among other things, produce PtnIns (1,4,5,6)P, to trigger chloride secretion and concomitant
fluid entry into the GI tract, resulting in diarrhea[45]. The effect is due to the antagonism of
ion channel closing. To the best of our knowledge, nobody has tested whether or not Salmo-
nella stimulates the secretion of potassium as well as chloride. In light of our results, it seems
likely that it may stimulate potassium secretion as external potassium is used as a cue by the
bacteria to up-regulate SPI-1 and thereby promote invasion[18,19]. While our results suggest
that potassium secretion by epithelial cells is a requirement for efficient Salmonella invasion,
additional work will be required to determine if epithelial cells continuously secrete potassium,
which the bacteria use as a cue to invade or it is a direct or indirect result of the presence of the
bacteria.

Another study demonstrated that the Copl complex, the components of which have their
stability regulated by ERGICI, plays a role in regulating plasma membrane levels of cholesterol
[21]. Caveolae are long-lived membrane microdomains composed of caveolins, cavins and a
cholesterol rich membrane. These cholesterol-enriched domains can bind activated Rho
GTPases via their geranylgeranyl anchors[46,47]. Misselwitz et. al. showed that Rho GTPases,
which are responsible for host cell ruffling and concomitant S. Typhimurium entry are not
localized to the plasma membrane in cells depleted for components of the Copl complex[21].
We observed that depleting cells of components of the CopI complex dramatically affected the
health of the host cells whereas silencing ERGICI did not. Perhaps silencing ERGIC1 results in
only a partial loss of CopI complex components that affect S. Typhimurium invasion but still
allow for basic host cells processes to be carried out. The ability of ERGICI to increase the
turnover rate of numerous ERGIC proteins, coupled with its apparent dispensability for the
short-term health of host cells, may make it a unique anti-microbial target for a variety of path-
ogens as the requirement for cholesterol-enriched microdomains in the plasma membrane is
not unique to S. Typhimurium. In fact, these internalization requirements are shared amongst
Staphylococcus aureus[48,49], Escherichia coli[48,50,51], Listeria monocytogenes[52-55], Myco-
bacterium fortuitum[50], Mycobacterium tuberculosis[56], Chlamydia caviae[57], Chlamydia
trachomatis[58,59], influenza virus[60,61], Shigella flexneri[62], Brucella abortus[63], hepatitis
C virus[64,65] and vesicular stomatitis virus[21].

MTMR3, a protein whose absence likely results in the SCV merging with the lysosome is
also interesting to consider further. The action of MTMR3 may change the electrostatic charge
on the SCV causing Rabs that promote the fusion of endosomes with lysosomes to disassociate.
The type III effector SopB, in addition to generating PtnIns(1,4,5,6)P, was speculated to recruit
Rab5 vacuoles in part by dephosphorylating PtdIns(4,5)P,, a tetravalent anion at physiological
pH, thereby reducing the negative charge on the SCV. This may stimulate the association of
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some Rabs, but has been shown by Bakowski et. al. to cause other Rabs such as 8b, 13, 23 and
35, which share a polycationic prenyl membrane targeting motif in their carboxyl terminus to
dissociate[66]. This dissociation halts the endocytic pathway. Smith et. al. in fact demonstrated
that Rabs 23 and 35, which disassociate when SopB alters the electrostatic charge of the SCV,
normally promote phagosome-lysosome fusion[43]. This likely causes the observed delay in
SCV development where Rab7 containing SCVs do not fuse with late endosomes. This is remi-
niscent of the “pregnant pause” mechanism used by Legionella pneumophila and other intracel-
lular bacterial pathogens, which temporarily halt maturation of their vacuole so they can form
a replicative niche before the vacuole matures to the next state[67]. However, importantly,
another study demonstrated that after a while, the PtdIns(3)P 5 kinase PIKfyve phosphorylates
PtdIns(3) to PtdIns(3,5)P,[27], which should increase the negative charge on the SCV, trigger-
ing the reassociation of Rabs 8b, 13, 23 and 35 thereby restarting the endocytic pathway.
Whether it is host or the microbe that does this is not known. It may be the bacteria, as Salmo-
nella cannot replicate in this intermediate SCV as acidification of the vacuole subsequent to
the pregnant pause is necessary for activating a subset of intracellular virulence gene including
those associated with SPI-2[27]. What then prevents the SCV from fusing with the lysosome
when Rabs 23 and 35 re-associate is an open question that nobody has considered. Salmonella
may recruit MTMR3 to the SCV at this point to prevent fusion with the lysosome, through its
ability to dephosphorylate PtdIns(3,5)P,, which should decrease the negative charge on the
SCV that was increased by PIKfyve, causing Rabs 8b, 13, 23 and 35 to disassociate for a second
time. PLEKHAA4 could also be involved in SCV biogenesis as it is known to bind PtdIns3P[41].
While the consequences of this interaction are not known, it is possible that it facilitates phos-
phorylation to PtdIns(3,5)P,, countering the effect of SopB, which is necessary for Salmonella
virulence.

It is also interesting to consider the role of Rablb in Salmonella pathogenesis. Rab1b is
involved in the secretory pathway between the ER and the Golgi and is required for autopha-
gosome formation[68]. There is conflicting evidence in the literature about why we identified
it. One study showed that some Salmonella escape the SCV and grow in the cytosol where they
are targeted by autophagy and their growth is reduced[69]. Another more recent study dem-
onstrated that autophagy facilitates Salmonella replication in HeLa cells[70]. In fact, knock-
down of Rab1, which is required for autophagy, inhibits Salmonella replication[71]. It is
possible that Rab1b depletion prevented Salmonella from growing at all inside host cells and
would be more accurately described as having an intracellular growth defect than an invasion
defect.

With a genome-wide RNAi-based forward genetic screen, we have identified 633 host fac-
tors that are involved in the internalization of S. Typhimurium by human epithelial cells.
These factors fall into a group of diverse functional categories, indicating that invasion involves
much more than merely cytoskeletal regulators. The most notable category was genes involved
in potassium transport. In future work, it will be important to determine which if any Salmo-
nella virulence factors directly stimulate the secretion of potassium ions. It will also be impor-
tant to confirm and characterize some of the host factors that facilitate invasion in detail. The
genome-wide results from our human RNAi screen provide us with new insights into how Sal-
monella actively invades human cells.

Materials and Methods
Bacterial and eukaryotic cell growth conditions

As previously described[17], S. Typhimurium 14028s expressing the GFP from pACYC184
was grown in Luria Bertani broth (LB; Sigma-Aldrich, St. Louis, MO), supplemented with
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10ug/mL tetracycline for 18 hrs at 37°C with aeration. The GFP was from Pontellina plumata.
After 18 hours of growth, the bacteria were diluted 1:33 in fresh LB and subcultured for 3.5 hrs
at 37°C with agitation to induce SPI-1 expression and then used to infect MCF-7 cells (ATCC,
Manassas, VA). MCF-7 cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM,;
Invitrogen, Carlsbad, CA) supplemented with 7.5% fetal bovine serum (FBS; Sigma-Aldrich)
without antibiotics. Cell culture was maintained at 37°C in 5% CO, in a humidified tissue cul-
ture incubator. The cells were subcultured 8.00 x 10* cells/cm? every fourth day.

Infections and Gentamicin protection assay

These assays were performed as previously described[17]. Briefly, MCF-7 cells were infected
with S. Typhimurium at an MOI of 100. An MOI of 100 was chosen because we empirically
determined by testing a range of cell densities and MOIs that 3,000 host cells and an MOI of
100 resulted in the largest intracellular growth phenotype. This was important for identifying
genes that normally promote intracellular growth, which were reported elsewhere[17]. In fol-
low up experiments to confirm the role of potassium secretion in promoting invasion we used
an MOI of 25. Following infection, the cells were then centrifuged at 230 rcf for 10 min at
room temperature. The cells were then incubated at 37°C in 5% CO, for 30 min so that the
bacteria could invade. The infected cell culture was then washed twice with PBS. After wash-
ing, the cells were incubated in IMDM supplemented with gentamicin (Gibco, Carlsbad, CA)
at a concentration of 100 ug/mL for one hour at 37°C in 5% CO, to kill extracellular bacteria.
The cells were washed two times with PBS after the gentamicin kill and then incubated in
IMDM supplemented with gentamicin at a concentration of 10 ug/mL at 37°C in 5% CO, for
18 hours before imaging.

High-throughput siRNA screen of human genome

As previously described[17], a siRNA library was obtained from the Duke University RNAi
screening facility targeting the human genome (Human whole-genome siRNA library v1.0;
Qiagen, Valencia, CA). The library came in a 2 X 2, parallel plate format with four individual
siRNAs targeting each gene arrayed in two sets, AB and CD. MCF-7 cells were seeded in 384
well clear flat bottom plates (Corning 3712; Corning, Lowell, MA) at a density of 3000 cells per
well. Reverse transfections were carried out with 0.05uL Dharmafect 4 (Dharmacon, Lafayette,
CO) and 20 nM siRNA/well in a total volume of 50uL. Transfection efficiency was optimized
utilizing AllStars Hs Cell Death Control siRNA (Qiagen), a blend of siRNAs that are toxic and
counting how many cells died. Efficiency was determined to be > 95% under these conditions.
72 hours after transfection, MCF-7 cells were infected with bacteria induced for SPI-1 expres-
sion and fixed eighteen hours later with 6% paraformaldehyde (Sigma-Aldrich) in 1 X PBS
(Invitrogen) for 1 hour. Subsequently, the cells were washed two times with PBS. Nuclei were
stained with Hoechst 33342 (Sigma-Aldrich) and automated imaging and analysis was per-
formed on each well with the Cellomics ArrayScan VTI High Content imaging system
(Thermo Scientific, Pittsburgh, PA). Images were analyzed via trained algorithm that first
identified nuclei stained with Hoechst 33342. Next, the estimated cellular margins were estab-
lished by extending the nuclear margin a predetermined radial distance. Only bacteria within
this region were analyzed to avoid including any residual extracellular bacteria. Invasion
defects were identified utilizing a Wilcoxin sum rank method for the percentage of infected
cells in each well. Genes that reduced bacterial infection and had a p-value < 0.02 in parallel
wells were selected for follow-up. We normalized using Z-score based on mean fluorescence of
plate/day batch. A p-value of 0.02 was chosen arbitrarily to allow for both enrichment and a
manageable number of hits to follow-up.
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Bioinformatics

Genes meeting selection criteria were manually curated with the National Center for Biotech-
nology Information (NCBI http://ncbi.nlm.nih.gov) gene database. Functional clusters were
analyzed with the Database for Annotation, Visualization and Integrated Discovery (DAVID)
v6.7 (http://david.abce.ncifcrf.gov/). Parameters were set to default with the following excep-
tions, EASE score was set for 0.05 and only clusters with an enrichment score > 1.0 were
selected for further analysis. For developing networks and assessing potential protein interac-
tions the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) v9.1 (http://
string-db.org/) and assessed for significant interaction enrichment within the whole genome
and druggable genome categories.

Confirmation of the role of potassium secretion in promoting invasion

MCEF-7 cells were untreated or treated with 10uM alpha dendrotoxin (VWR). Twenty-four
hours later, the cells were infected with S. Typhimurium grown under SPI-1 inducing condi-
tions as described above at an MOI of 25. To one group of wells, KCl was added to a final con-
centration of 3.8mM. Bacteria were centrifuged onto the monolayers at 230g for ten minutes
and then incubated for thirty minutes. After the thirty minute invasion, the infected cells were
washed three times with PBS and overlaid with fresh media supplemented with 100ug/mL gen-
tamicin and incubated for one hour. After the gentamicin kill, the infected cells were washed
three times with PBS and lysed in 1% Triton X-100 and CFU recovered on agar plates

Supporting Information

S1 Fig. The percentage of cells infected for each well was plotted against the number of
cells present. We empirically determined that there was no longer a relationship between the
two beyond 500 cells per well.

(TIF)

S2 Fig. Depleting cells of members of the Copl complex but not ERGIC1 adversely affects
the health of host cells.
(TIF)
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likely cause the SCV to fuse with the lysosome.
(XLSX)

Author Contributions
Conceptualization: MJW.

PLOS ONE | DOI:10.1371/journal.pone.0166916 November 23, 2016 13/17


http://ncbi.nlm.nih.gov/
http://david.abcc.ncifcrf.gov/
http://string-db.org/
http://string-db.org/
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0166916.s007

@° PLOS | ONE

Human Global RNAi Screen

Formal analysis: MJW JMT.

Funding acquisition: MJW.

Investigation: MJW JMT AG TH.

Project administration: MJW.

Supervision: MJW.

Validation: MJW AG.

Visualization: MJW JMT.

Writing - original draft: MJW.

Writing - review & editing: MJW.

References

1.

10.

11.

12.

13.

Boyle EC, Bishop JL, Grassl| GA, Finlay BB. Salmonella: from pathogenesis to therapeutics. J Bacteriol.
2007; 189(5):1489-95. PMID: 17189373. doi: 10.1128/JB.01730-06

Gaind R, Paglietti B, Murgia M, Dawar R, Uzzau S, Cappuccinelli P, et al. Molecular characterization of
ciprofloxacin-resistant Salmonella enterica serovar Typhi and Paratyphi A causing enteric fever in India.
J Antimicrob Chemother. 2006; 58(6):1139—44. Epub 2006/10/31. dki391 [pii] doi: 10.1093/jac/dkI391
PMID: 17071955.

Hansen-Wester |, Hensel M. Salmonella pathogenicity islands encoding type Il secretion systems.
Microbes Infect. 2001; 3(7):549-59. PMID: 11418329.

Galan JE, Ginocchio C, Costeas P. Molecular and functional characterization of the Salmonella inva-
sion gene invA: homology of InvA to members of a new protein family. J Bacteriol. 1992; 174(13):4338—
49. PMID: 1624429

Groisman EA, Ochman H. Cognate gene clusters govern invasion of host epithelial cells by Salmonella
typhimurium and Shigella flexneri. Embo J. 1993; 12(10):3779-87. PMID: 8404849

Galyov EE, Wood MW, Rosqvist R, Mullan PB, Watson PR, Hedges S, et al. A secreted effector protein
of Salmonella dublin is translocated into eukaryotic cells and mediates inflammation and fluid secretion
in infected ileal mucosa. Mol Microbiol. 1997; 25(5):903—12. PMID: 9364916

Lawley TD, Bouley DM, Hoy YE, Gerke C, Relman DA, Monack DM. Host transmission of Salmonella
enterica serovar Typhimurium is controlled by virulence factors and indigenous intestinal microbiota.
Infect Immun. 2008; 76(1):403—16. Epub 2007/10/31. IAl.01189-07 [pii] doi: 10.1128/IAl.01189-07
PMID: 17967858; PubMed Central PMCID: PMC2223630.

Lawley TD, Chan K, Thompson LJ, Kim CC, Govoni GR, Monack DM. Genome-wide screen for Salmo-
nella genes required for long-term systemic infection of the mouse. PLoS Pathog. 2006; 2(2):e11.
PMID: 16518469. doi: 10.1371/journal.ppat.002001 1

Giacomodonato MN, Uzzau S, Bacciu D, Caccuri R, Sarnacki SH, Rubino S, et al. SipA, SopA, SopB,
SopD and SopE?2 effector proteins of Salmonella enterica serovar Typhimurium are synthesized at late
stages of infection in mice. Microbiology. 2007; 153(Pt 4):1221-8. doi: 10.1099/mic.0.2006/002758-0
PMID: 17379731.

Ochman H, Soncini FC, Solomon F, Groisman EA. Identification of a pathogenicity island required for
Salmonella survival in host cells. Proceedings of the National Academy of Sciences of the United States
of America. 1996; 93(15):7800—4. PMID: 8755556

Cirillo DM, Valdivia RH, Monack DM, Falkow S. Macrophage-dependent induction of the Salmonella
pathogenicity island 2 type Il secretion system and its role in intracellular survival. Mol Microbiol. 1998;
30(1):175-88. PMID: 9786194

Hensel M, Shea JE, Waterman SR, Mundy R, Nikolaus T, Banks G, et al. Genes encoding putative
effector proteins of the type Ill secretion system of Salmonella pathogenicity island 2 are required for
bacterial virulence and proliferation in macrophages. Mol Microbiol. 1998; 30(1):163—74. PMID:
9786193

McLaughlin LM, Govoni GR, Gerke C, Gopinath S, Peng K, Laidlaw G, et al. The Salmonella SPI2 effec-
tor Ssel mediates long-term systemic infection by modulating host cell migration. PLoS Pathog. 2009; 5
(11):e1000671. Epub 2009/12/04. doi: 10.1371/journal.ppat.1000671 PMID: 19956712; PubMed Cen-
tral PMCID: PMC2777311.

PLOS ONE | DOI:10.1371/journal.pone.0166916 November 23, 2016 14/17


http://www.ncbi.nlm.nih.gov/pubmed/17189373
http://dx.doi.org/10.1128/JB.01730-06
http://dx.doi.org/10.1093/jac/dkl391
http://www.ncbi.nlm.nih.gov/pubmed/17071955
http://www.ncbi.nlm.nih.gov/pubmed/11418329
http://www.ncbi.nlm.nih.gov/pubmed/1624429
http://www.ncbi.nlm.nih.gov/pubmed/8404849
http://www.ncbi.nlm.nih.gov/pubmed/9364916
http://dx.doi.org/10.1128/IAI.01189-07
http://www.ncbi.nlm.nih.gov/pubmed/17967858
http://www.ncbi.nlm.nih.gov/pubmed/16518469
http://dx.doi.org/10.1371/journal.ppat.0020011
http://dx.doi.org/10.1099/mic.0.2006/002758-0
http://www.ncbi.nlm.nih.gov/pubmed/17379731
http://www.ncbi.nlm.nih.gov/pubmed/8755556
http://www.ncbi.nlm.nih.gov/pubmed/9786194
http://www.ncbi.nlm.nih.gov/pubmed/9786193
http://dx.doi.org/10.1371/journal.ppat.1000671
http://www.ncbi.nlm.nih.gov/pubmed/19956712

@° PLOS | ONE

Human Global RNAi Screen

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Worley MJ, Nieman GS, Geddes K, Heffron F. Salmonella typhimurium disseminates within its host by
manipulating the motility of infected cells. Proc Natl Acad Sci U S A. 2006; 103(47):17915-20. doi: 10.
1073/pnas.0604054103 PMID: 17095609; PubMed Central PMCID: PMCPMC1635543.

Thornbrough JM, Worley MJ. A naturally occurring single nucleotide polymorphism in the Salmonella
SPI-2 type Ill effector srfH/ssel controls early extraintestinal dissemination. PLoS One. 2012; 7(9):
e45245. doi: 10.1371/journal.pone.0045245 PMID: 23028876; PubMed Central PMCID:
PMCPMC3445477.

Knodler LA, Steele-Mortimer O. Taking possession: biogenesis of the Salmonella-containing vacuole.
Traffic. 2003; 4(9):587-99. PMID: 12911813.

Thornbrough JM, Hundley T, Valdivia R, Worley MJ. Human genome-wide RNAi screen for host factors
that modulate intracellular Salmonella growth. PLoS One. 2012; 7(6):e38097. doi: 10.1371/journal.
pone.0038097 PMID: 22701604; PubMed Central PMCID: PMCPMC3372477.

SuJ, Gong H, Lai J, Main A, Lu S. The potassium transporter Trk and external potassium modulate Sal-
monella enterica protein secretion and virulence. Infect Immun. 2009; 77(2):667-75. doi: 10.1128/IAl.
01027-08 PMID: 19001074; PubMed Central PMCID: PMC2632022.

Liu'Y, Ho KK, Su J, Gong H, Chang AC, Lu S. Potassium transport of Salmonella is important for type Il
secretion and pathogenesis. Microbiology. 2013; 159(Pt 8):1705—19. doi: 10.1099/mic.0.068700-0
PMID: 23728623; PubMed Central PMCID: PMC4089031.

Dostal A, Gagnon M, Chassard C, Zimmermann MB, O’'Mahony L, Lacroix C. Salmonella adhesion,
invasion and cellular immune responses are differentially affected by iron concentrations in a combined
in vitro gut fermentation-cell model. PLoS One. 2014; 9(3):€93549. doi: 10.1371/journal.pone.0093549
PMID: 24676135; PubMed Central PMCID: PMC3968171.

Misselwitz B, Dilling S, Vonaesch P, Sacher R, Snijder B, Schlumberger M, et al. RNAi screen of Salmo-
nella invasion shows role of COPI in membrane targeting of cholesterol and Cdc42. Mol Syst Biol. 2011;
7:474. doi: 10.1038/msb.2011.7 PMID: 21407211; PubMed Central PMCID: PMC3094068.

Meezaman D, Charles P, Daskal E, Polymeropoulos MH, Martin BM, Rose MC. Cloning and analysis of
cDNA encoding a major airway glycoprotein, human tracheobronchial mucin (MUC5). J Biol Chem.
1994; 269(17):12932-9. PMID: 7513696.

Dorer MS, Kirton D, Bader JS, Isberg RR. RNA interference analysis of Legionella in Drosophila cells:
exploitation of early secretory apparatus dynamics. PLoS Pathog. 2006; 2(4):e34. doi: 10.1371/journal.
ppat.0020034 PMID: 16652170; PubMed Central PMCID: PMC1447669.

Hutagalung AH, Novick PJ. Role of Rab GTPases in membrane traffic and cell physiology. Physiologi-
cal reviews. 2011; 91(1):119-49. doi: 10.1152/physrev.00059.2009 PMID: 21248164.

Walker DM, Urbe S, Dove SK, Tenza D, Raposo G, Clague MJ. Characterization of MTMRS. an inositol
lipid 3-phosphatase with novel substrate specificity. Curr Biol. 2001; 11(20):1600-5. PMID: 11676921.

van Hille B, Vanek M, Richener H, Green JR, Bilbe G. Cloning and tissue distribution of subunits C, D,
and E of the human vacuolar H(+)-ATPase. Biochem Biophys Res Commun. 1993; 197(1):15-21.
PMID: 8250920.

Kerr MC, Wang JT, Castro NA, Hamilton NA, Town L, Brown DL, et al. Inhibition of the PtdIns(5) kinase
PIKfyve disrupts intracellular replication of Salmonella. EMBO J. 2010; 29(8):1331—-47. doi: 10.1038/
emboj.2010.28 PMID: 20300065; PubMed Central PMCID: PMC2868569.

Kasten MR, Rudy B, Anderson MP. Differential regulation of action potential firing in adult murine thala-
mocortical neurons by Kv3.2, Kv1, and SK potassium and N-type calcium channels. J Physiol. 2007;
584(Pt 2):565-82. doi: 10.1113/jphysiol.2007.141135 PMID: 17761775; PubMed Central PMCID:
PMC2277158.

Fukuhara S, Chikumi H, Gutkind JS. Leukemia-associated Rho guanine nucleotide exchange factor
(LARG) links heterotrimeric G proteins of the G(12) family to Rho. FEBS Lett. 2000; 485(2—3):183-8.
PMID: 11094164.

Hardt WD, Chen LM, Schuebel KE, Bustelo XR, Galan JE. S. typhimurium encodes an activator of Rho
GTPases that induces membrane ruffling and nuclear responses in host cells. Cell. 1998; 93(5):815—
26. PMID: 9630225

Stender S, Friebel A, Linder S, Rohde M, Mirold S, Hardt WD. Identification of SopE2 from Salmonella
typhimurium, a conserved guanine nucleotide exchange factor for Cdc42 of the host cell. Mol Microbiol.
2000; 36(6):1206—21. PMID: 10931274.

Peck JW, Oberst M, Bouker KB, Bowden E, Burbelo PD. The RhoA-binding protein, rhophilin-2, regu-
lates actin cytoskeleton organization. J Biol Chem. 2002; 277(46):43924-32. doi: 10.1074/jbc.
M203569200 PMID: 12221077.

PLOS ONE | DOI:10.1371/journal.pone.0166916 November 23, 2016 15/17


http://dx.doi.org/10.1073/pnas.0604054103
http://dx.doi.org/10.1073/pnas.0604054103
http://www.ncbi.nlm.nih.gov/pubmed/17095609
http://dx.doi.org/10.1371/journal.pone.0045245
http://www.ncbi.nlm.nih.gov/pubmed/23028876
http://www.ncbi.nlm.nih.gov/pubmed/12911813
http://dx.doi.org/10.1371/journal.pone.0038097
http://dx.doi.org/10.1371/journal.pone.0038097
http://www.ncbi.nlm.nih.gov/pubmed/22701604
http://dx.doi.org/10.1128/IAI.01027-08
http://dx.doi.org/10.1128/IAI.01027-08
http://www.ncbi.nlm.nih.gov/pubmed/19001074
http://dx.doi.org/10.1099/mic.0.0687000
http://www.ncbi.nlm.nih.gov/pubmed/23728623
http://dx.doi.org/10.1371/journal.pone.0093549
http://www.ncbi.nlm.nih.gov/pubmed/24676135
http://dx.doi.org/10.1038/msb.2011.7
http://www.ncbi.nlm.nih.gov/pubmed/21407211
http://www.ncbi.nlm.nih.gov/pubmed/7513696
http://dx.doi.org/10.1371/journal.ppat.0020034
http://dx.doi.org/10.1371/journal.ppat.0020034
http://www.ncbi.nlm.nih.gov/pubmed/16652170
http://dx.doi.org/10.1152/physrev.00059.2009
http://www.ncbi.nlm.nih.gov/pubmed/21248164
http://www.ncbi.nlm.nih.gov/pubmed/11676921
http://www.ncbi.nlm.nih.gov/pubmed/8250920
http://dx.doi.org/10.1038/emboj.2010.28
http://dx.doi.org/10.1038/emboj.2010.28
http://www.ncbi.nlm.nih.gov/pubmed/20300065
http://dx.doi.org/10.1113/jphysiol.2007.141135
http://www.ncbi.nlm.nih.gov/pubmed/17761775
http://www.ncbi.nlm.nih.gov/pubmed/11094164
http://www.ncbi.nlm.nih.gov/pubmed/9630225
http://www.ncbi.nlm.nih.gov/pubmed/10931274
http://dx.doi.org/10.1074/jbc.M203569200
http://dx.doi.org/10.1074/jbc.M203569200
http://www.ncbi.nlm.nih.gov/pubmed/12221077

@° PLOS | ONE

Human Global RNAi Screen

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Aronheim A, Broder YC, Cohen A, Fritsch A, Belisle B, Abo A. Chp, a homologue of the GTPase
Cdc42Hs, activates the JNK pathway and is implicated in reorganizing the actin cytoskeleton. Curr Biol.
1998; 8(20):1125-8. PMID: 9778532.

Humphreys D, Davidson A, Hume PJ, Koronakis V. Salmonella virulence effector SopE and Host GEF
ARNO cooperate to recruit and activate WAVE to trigger bacterial invasion. Cell Host Microbe. 2012; 11
(2):129-39. doi: 10.1016/j.chom.2012.01.006 PMID: 22341462; PubMed Central PMCID:
PMC3314957.

Breuza L, Halbeisen R, Jeno P, Otte S, Barlowe C, Hong W, et al. Proteomics of endoplasmic reticu-
lum-Golgi intermediate compartment (ERGIC) membranes from brefeldin A-treated HepG2 cells identi-
fies ERGIC-32, a new cycling protein that interacts with human Erv46. J Biol Chem. 2004; 279
(45):47242-53. doi: 10.1074/jbc.M406644200 PMID: 15308636.

Wirtz KW. Phospholipid transfer proteins. Annu Rev Biochem. 1991; 60:73-99. doi: 10.1146/annurev.
bi.60.070191.000445 PMID: 1883207.

Viaud J, Lagarrigue F, Ramel D, Allart S, Chicanne G, Ceccato L, et al. Phosphatidylinositol 5-phos-
phate regulates invasion through binding and activation of Tiam1. Nature communications. 2014;
5:4080. doi: 10.1038/ncomms5080 PMID: 24905281

Yeung T, Grinstein S. Lipid signaling and the modulation of surface charge during phagocytosis. Immu-
nol Rev. 2007; 219:17-36. doi: 10.1111/j.1600-065X.2007.00546.x PMID: 17850479.

Criss AK, Casanova JE. Coordinate regulation of Salmonella enterica serovar Typhimurium invasion of
epithelial cells by the Arp2/3 complex and Rho GTPases. Infect Immun. 2003; 71(5):2885-91. PMID:
12704163; PubMed Central PMCID: PMC153244. doi: 10.1128/IA1.71.5.2885-2891.2003

Kavanagh KL, Dunford JE, Bunkoczi G, Russell RG, Oppermann U. The crystal structure of human ger-
anylgeranyl pyrophosphate synthase reveals a novel hexameric arrangement and inhibitory product
binding. J Biol Chem. 2006; 281(31):22004—12. doi: 10.1074/jbc.M602603200 PMID: 16698791.

Dowler S, Currie RA, Campbell DG, Deak M, Kular G, Downes CP, et al. Identification of pleckstrin-
homology-domain-containing proteins with novel phosphoinositide-binding specificities. Biochem J.
2000; 351(Pt 1):19-31. PMID: 11001876; PubMed Central PMCID: PMC1221362.

Hernandez LD, Hueffer K, Wenk MR, Galan JE. Salmonella modulates vesicular traffic by altering phos-
phoinositide metabolism. Science. 2004; 304(5678):1805-7. doi: 10.1126/science.1098188 PMID:
15205533.

Smith AC, Heo WD, Braun V, Jiang X, Macrae C, Casanova JE, et al. A network of Rab GTPases con-
trols phagosome maturation and is modulated by Salmonella enterica serovar Typhimurium. J Cell Biol.
2007; 176(3):263-8. doi: 10.1083/jcb.200611056 PMID: 17261845; PubMed Central PMCID:
PMC2063952.

Brown DA, Rose JK. Sorting of GPIl-anchored proteins to glycolipid-enriched membrane subdomains
during transport to the apical cell surface. Cell. 1992; 68(3):533-44. PMID: 1531449.

Norris FA, Wilson MP, Wallis TS, Galyov EE, Majerus PW. SopB, a protein required for virulence of Sal-
monella dublin, is an inositol phosphate phosphatase. Proc Natl Acad Sci U S A. 1998; 95(24):14057-9.
PMID: 9826652.

Palazzo AF, Eng CH, Schlaepfer DD, Marcantonio EE, Gundersen GG. Localized stabilization of micro-
tubules by integrin- and FAK-facilitated Rho signaling. Science. 2004; 303(5659):836-9. doi: 10.1126/
science.1091325 PMID: 14764879.

del Pozo MA, Alderson NB, Kiosses WB, Chiang HH, Anderson RG, Schwartz MA. Integrins regulate
Rac targeting by internalization of membrane domains. Science. 2004; 303(5659):839—42. doi: 10.
1126/science.1092571 PMID: 14764880.

Ramet M, Manfruelli P, Pearson A, Mathey-Prevot B, Ezekowitz RA. Functional genomic analysis of
phagocytosis and identification of a Drosophila receptor for E. coli. Nature. 2002; 416(6881):644—8. doi:
10.1038/nature735 PMID: 11912489.

Potrich C, Bastiani H, Colin DA, Huck S, Prevost G, Dalla Serra M. The influence of membrane lipids in
Staphylococcus aureus gamma-hemolysins pore formation. J Membr Biol. 2009; 227(1):13-24. doi: 10.
1007/s00232-008-9140-6 PMID: 19067025.

Philips JA, Rubin EJ, Perrimon N. Drosophila RNAi screen reveals CD36 family member required for
mycobacterial infection. Science. 2005; 309(5738):1251-3. PMID: 16020694. doi: 10.1126/science.
1116006

Riff JD, Callahan JW, Sherman PM. Cholesterol-enriched membrane microdomains are required for
inducing host cell cytoskeleton rearrangements in response to attaching-effacing Escherichia coli. Infect
Immun. 2005; 73(11):7113-25. doi: 10.1128/IA1.73.11.7113-7125.2005 PMID: 16239505; PubMed
Central PMCID: PMC1273830.

PLOS ONE | DOI:10.1371/journal.pone.0166916 November 23, 2016 16/17


http://www.ncbi.nlm.nih.gov/pubmed/9778532
http://dx.doi.org/10.1016/j.chom.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22341462
http://dx.doi.org/10.1074/jbc.M406644200
http://www.ncbi.nlm.nih.gov/pubmed/15308636
http://dx.doi.org/10.1146/annurev.bi.60.070191.000445
http://dx.doi.org/10.1146/annurev.bi.60.070191.000445
http://www.ncbi.nlm.nih.gov/pubmed/1883207
http://dx.doi.org/10.1038/ncomms5080
http://www.ncbi.nlm.nih.gov/pubmed/24905281
http://dx.doi.org/10.1111/j.1600-065X.2007.00546.x
http://www.ncbi.nlm.nih.gov/pubmed/17850479
http://www.ncbi.nlm.nih.gov/pubmed/12704163
http://dx.doi.org/10.1128/IAI.71.5.2885-2891.2003
http://dx.doi.org/10.1074/jbc.M602603200
http://www.ncbi.nlm.nih.gov/pubmed/16698791
http://www.ncbi.nlm.nih.gov/pubmed/11001876
http://dx.doi.org/10.1126/science.1098188
http://www.ncbi.nlm.nih.gov/pubmed/15205533
http://dx.doi.org/10.1083/jcb.200611056
http://www.ncbi.nlm.nih.gov/pubmed/17261845
http://www.ncbi.nlm.nih.gov/pubmed/1531449
http://www.ncbi.nlm.nih.gov/pubmed/9826652
http://dx.doi.org/10.1126/science.1091325
http://dx.doi.org/10.1126/science.1091325
http://www.ncbi.nlm.nih.gov/pubmed/14764879
http://dx.doi.org/10.1126/science.1092571
http://dx.doi.org/10.1126/science.1092571
http://www.ncbi.nlm.nih.gov/pubmed/14764880
http://dx.doi.org/10.1038/nature735
http://www.ncbi.nlm.nih.gov/pubmed/11912489
http://dx.doi.org/10.1007/s00232-008-9140-6
http://dx.doi.org/10.1007/s00232-008-9140-6
http://www.ncbi.nlm.nih.gov/pubmed/19067025
http://www.ncbi.nlm.nih.gov/pubmed/16020694
http://dx.doi.org/10.1126/science.1116006
http://dx.doi.org/10.1126/science.1116006
http://dx.doi.org/10.1128/IAI.73.11.71137125.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239505

@° PLOS | ONE

Human Global RNAi Screen

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Seveau S, Bierne H, Giroux S, Prevost MC, Cossart P. Role of lipid rafts in E-cadherin—and HGF-R/
Met—mediated entry of Listeria monocytogenes into host cells. J Cell Biol. 2004; 166(5):743-53. doi:
10.1083/jcb.200406078 PMID: 15337781; PubMed Central PMCID: PMC2172418.

Agaisse H, Burrack LS, Philips JA, Rubin EJ, Perrimon N, Higgins DE. Genome-wide RNAi screen for
host factors required for intracellular bacterial infection. Science. 2005; 309(5738):1248-51. PMID:
16020693. doi: 10.1126/science.1116008

Cheng LW, Viala JP, Stuurman N, Wiedemann U, Vale RD, Portnoy DA. Use of RNA interference in
Drosophila S2 cells to identify host pathways controlling compartmentalization of an intracellular patho-
gen. Proc Natl Acad Sci U S A. 2005; 102(38):13646-51. doi: 10.1073/pnas.0506461102 PMID:
16157870; PubMed Central PMCID: PMC1224656.

Gekara NO, Jacobs T, Chakraborty T, Weiss S. The cholesterol-dependent cytolysin listeriolysin O
aggregates rafts via oligomerization. Cell Microbiol. 2005; 7(9):1345-56. doi: 10.1111/j.1462-5822.
2005.00561.x PMID: 16098221.

Munoz S, Rivas-Santiago B, Enciso JA. Mycobacterium tuberculosis entry into mast cells through cho-
lesterol-rich membrane microdomains. Scand J Immunol. 2009; 70(3):256—63. doi: 10.1111/j.1365-
3083.2009.02295.x PMID: 19703015.

Derre |, Pypaert M, Dautry-Varsat A, Agaisse H. RNAi screen in Drosophila cells reveals the involve-
ment of the Tom complex in Chlamydia infection. PLoS Pathog. 2007; 3(10):1446-58. PMID:
17967059. doi: 10.1371/journal.ppat.0030155

Jutras |, Abrami L, Dautry-Varsat A. Entry of the lymphogranuloma venereum strain of Chlamydia tra-
chomatis into host cells involves cholesterol-rich membrane domains. Infect Immun. 2003; 71(1):260—
6. PMID: 12496174; PubMed Central PMCID: PMC143347. doi: 10.1128/IA1.71.1.260-266.2003

Elwell CA, Ceesay A, Kim JH, Kalman D, Engel JN. RNA interference screen identifies Abl kinase and
PDGFR signaling in Chlamydia trachomatis entry. PLoS Pathog. 2008; 4(3):e1000021. doi: 10.1371/
journal.ppat.1000021 PMID: 18369471; PubMed Central PMCID: PMC2267011.

Hao L, Sakurai A, Watanabe T, Sorensen E, Nidom CA, Newton MA, et al. Drosophila RNAi screen
identifies host genes important for influenza virus replication. Nature. 2008; 454(7206):890-3. doi: 10.
1038/nature07151 PMID: 18615016; PubMed Central PMCID: PMC2574945.

Konig R, Stertz S, Zhou Y, Inoue A, Hoffmann HH, Bhattacharyya S, et al. Human host factors required
for influenza virus replication. Nature. 2010; 463(7282):813-7. doi: 10.1038/nature08699 PMID:
20027183; PubMed Central PMCID: PMC2862546.

Lafont F, Tran Van Nhieu G, Hanada K, Sansonetti P, van der Goot FG. Initial steps of Shigella infection
depend on the cholesterol/sphingolipid raft-mediated CD44-IpaB interaction. EMBO J. 2002; 21
(17):4449-57. PMID: 12198147; PubMed Central PMCID: PMC126195. doi: 10.1093/emboj/cdf457

Watarai M, Makino S, Fuijii Y, Okamoto K, Shirahata T. Modulation of Brucella-induced macropinocyto-
sis by lipid rafts mediates intracellular replication. Cell Microbiol. 2002; 4(6):341-55. PMID: 12067319.

Tai AW, Benita Y, Peng LF, Kim SS, Sakamoto N, Xavier RJ, et al. A functional genomic screen identi-
fies cellular cofactors of hepatitis C virus replication. Cell Host Microbe. 2009; 5(3):298-307. doi: 10.
1016/j.chom.2009.02.001 PMID: 19286138; PubMed Central PMCID: PMC2756022.

Popescu Cl, Dubuisson J. Role of lipid metabolism in hepatitis C virus assembly and entry. Biol Cell.
2010; 102(1):63-74. doi: 10.1042/BC20090125 PMID: 19857204.

Bakowski MA, Braun V, Lam GY, Yeung T, Heo WD, Meyer T, et al. The phosphoinositide phosphatase
SopB manipulates membrane surface charge and trafficking of the Salmonella-containing vacuole. Cell
Host Microbe. 2010; 7(6):453—-62. doi: 10.1016/j.chom.2010.05.011 PMID: 20542249.

Swanson MS, Fernandez-Moreira E. A microbial strategy to multiply in macrophages: the pregnant
pause. Traffic. 2002; 3(3):170-7. PMID: 11886587.

Zoppino FC, Militello RD, Slavin |, Alvarez C, Colombo MI. Autophagosome formation depends on the
small GTPase Rab1 and functional ER exit sites. Traffic. 2010; 11(9):1246—61. doi: 10.1111/j.1600-
0854.2010.01086.x PMID: 20545908.

Birmingham CL, Smith AC, Bakowski MA, Yoshimori T, Brumell JH. Autophagy controls Salmonella
infection in response to damage to the Salmonella-containing vacuole. J Biol Chem. 2006; 281
(16):11374-83. doi: 10.1074/jbc.M509157200 PMID: 16495224.

Yu HB, Croxen MA, Marchiando AM, Ferreira RB, Cadwell K, Foster LJ, et al. Autophagy facilitates Sal-
monella replication in HeLa cells. mBio. 2014; 5(2):e00865—14. doi: 10.1128/mBio.00865-14 PMID:
24618251; PubMed Central PMCID: PMC3952155.

Huang J, Birmingham CL, Shahnazari S, Shiu J, Zheng YT, Smith AC, et al. Antibacterial autophagy
occurs at PI(3)P-enriched domains of the endoplasmic reticulum and requires Rab1 GTPase. Autop-
hagy. 2011; 7(1):17-26. PMID: 20980813; PubMed Central PMCID: PMC3039730. doi: 10.4161/auto.
7.1.13840

PLOS ONE | DOI:10.1371/journal.pone.0166916 November 23, 2016 17/17


http://dx.doi.org/10.1083/jcb.200406078
http://www.ncbi.nlm.nih.gov/pubmed/15337781
http://www.ncbi.nlm.nih.gov/pubmed/16020693
http://dx.doi.org/10.1126/science.1116008
http://dx.doi.org/10.1073/pnas.0506461102
http://www.ncbi.nlm.nih.gov/pubmed/16157870
http://dx.doi.org/10.1111/j.1462-5822.2005.00561.x
http://dx.doi.org/10.1111/j.1462-5822.2005.00561.x
http://www.ncbi.nlm.nih.gov/pubmed/16098221
http://dx.doi.org/10.1111/j.1365-3083.2009.02295.x
http://dx.doi.org/10.1111/j.1365-3083.2009.02295.x
http://www.ncbi.nlm.nih.gov/pubmed/19703015
http://www.ncbi.nlm.nih.gov/pubmed/17967059
http://dx.doi.org/10.1371/journal.ppat.0030155
http://www.ncbi.nlm.nih.gov/pubmed/12496174
http://dx.doi.org/10.1128/IAI.71.1.260-266.2003
http://dx.doi.org/10.1371/journal.ppat.1000021
http://dx.doi.org/10.1371/journal.ppat.1000021
http://www.ncbi.nlm.nih.gov/pubmed/18369471
http://dx.doi.org/10.1038/nature07151
http://dx.doi.org/10.1038/nature07151
http://www.ncbi.nlm.nih.gov/pubmed/18615016
http://dx.doi.org/10.1038/nature08699
http://www.ncbi.nlm.nih.gov/pubmed/20027183
http://www.ncbi.nlm.nih.gov/pubmed/12198147
http://dx.doi.org/10.1093/emboj/cdf457
http://www.ncbi.nlm.nih.gov/pubmed/12067319
http://dx.doi.org/10.1016/j.chom.2009.02.001
http://dx.doi.org/10.1016/j.chom.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19286138
http://dx.doi.org/10.1042/BC20090125
http://www.ncbi.nlm.nih.gov/pubmed/19857204
http://dx.doi.org/10.1016/j.chom.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20542249
http://www.ncbi.nlm.nih.gov/pubmed/11886587
http://dx.doi.org/10.1111/j.1600-0854.2010.01086.x
http://dx.doi.org/10.1111/j.1600-0854.2010.01086.x
http://www.ncbi.nlm.nih.gov/pubmed/20545908
http://dx.doi.org/10.1074/jbc.M509157200
http://www.ncbi.nlm.nih.gov/pubmed/16495224
http://dx.doi.org/10.1128/mBio.00865-14
http://www.ncbi.nlm.nih.gov/pubmed/24618251
http://www.ncbi.nlm.nih.gov/pubmed/20980813
http://dx.doi.org/10.4161/auto.7.1.13840
http://dx.doi.org/10.4161/auto.7.1.13840

