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RESEARCH ARTICLE
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Abstract

Infection of human cells with Yersinia pseudotuberculosis expressing a functional type III

secretion system (T3SS) leads to activation of host NF-κB. We show that the Yersinia T3SS

activates distinct NF-κB pathways dependent upon bacterial subcellular localization. We

found that wildtype Yersinia able to remain extracellular triggered NF-κB activation indepen-

dently of the non-canonical NF-κB kinase NIK in HEK293T cells. In contrast, Yersinia lack-

ing the actin-targeting effectors YopEHO, which become internalized into host cells, induce

a NIK-dependent response and nuclear entry of the non-canonical NF-κB subunit p52.

Blocking actin polymerization and uptake of effector mutant bacteria using cytochalasin D

shifted the host NF-κB response from NIK-independent to primarily NIK-dependent. We

observed similar results using Pseudomonas aeruginosa, which expresses a related T3SS

and the actin-targeting effector ExoT. As the NF-κB response of HEK293T cells to effector-

less Yersinia has been used both as a screening tool for chemical inhibitors of the T3SS and

for bacterial forward genetic screens, a better understanding of this response is important

for tool optimization and interpretation.

Introduction

Bacterial pathogens and the mammalian innate immune system have co-evolved over millen-

nia to recognize and combat one another. During infection, bacteria use virulence factors to

survive and subvert host defenses, while the immune system employs pattern recognition

receptors (PRRs) to identify and respond to these and other danger signals. PRRs, including

Toll-like receptors (TLRs), NOD1 and NOD2, and nucleotide-binding domain leucine-rich
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repeat-containing receptors (NLRs), sense pathogen-associated molecular patterns (PAMPs)

like bacterial flagellin or lipopolysaccharide to activate appropriate inflammatory responses.

These PRRs occupy different cellular locations, allowing infected cells to recognize cytosolic,

endosomal, and extracellular insults [1].

One common virulence factor, which is also recognized as a PAMP, is the bacterial type III

secretion system (T3SS) [2]. The T3SS is a needle-like apparatus employed by dozens of bacte-

rial pathogens to inject effector proteins into target host cells. Once inside, translocated effec-

tors carry out species-specific functions, including dampening of immune signaling and

prevention of phagocytosis by blocking actin polymerization. Effector translocation requires

the translocator proteins YopB and YopD in pathogenic Yersinia (PopB and PopD in Pseudo-
monas aeruginosa), which are thought to insert in the host cell membrane and form a conduit

through which effector proteins are injected into the host cytosol [3]. YopB and YopD were

previously found to be important for the ability of Y. pseudotuberculosis to induce NF-κB acti-

vation in human cells [4–6] suggesting that these proteins stimulate host cell signaling in addi-

tion to enabling translocation of effector proteins [7]. This translocator-dependent NF-κB

activation was independent of host TLRs, Nod1 and Nod2, and the caspase-1 inflammasome

[4]. Furthermore, T3SS effectors were dispensable for this response. In fact, the T3SS effector

protein YopJ is known to dampen NF-κB signaling [8].

NF-κB is a family of inducible mammalian transcription factors important for expression

of inflammatory, developmental, and survival genes [9]. The canonical NF-κB pathway con-

trols gene expression through activity of the RelA/p50 heterodimer. This pathway is primarily

involved in transient proinflammatory gene expression, while non-canonical NF-κB results in

a slower, persistent response [10]. Unlike canonical NF-κB, the non-canonical pathway is gen-

erally not associated with innate immune responses and results in nuclear translocation of het-

erodimerized RelB and p52 [11]. This alternative pathway requires NF-κB inducing kinase

(NIK), a central hub that integrates signals from various membrane receptors including B-cell

activating factor receptor (BAFFR). Non-canonical NF-κB signaling is essential for regulating

bone metabolism, dendritic cell activation, B-cell survival, and lymphoid organogenesis [11].

The molecular implications of non-canonical activation are diverse and dependent on cell

type. For instance, B cells produce anti-apoptotic genes like bcl-x and bcl-2 in response to

BAFF ligand, which are important for cell survival and maturation. In addition, cells with the

lymphotoxin beta receptor respond to their cognate ligand by producing CCL21, CCL19,

CXCL13, and CXCL12, chemokines essential for lymphoid development [12].

Here we examine the nature of the NF-κB response to Y. pseudotuberculosis and P. aerugi-
nosa expressing or lacking T3SS effectors in human embryonic kidney HEK293T cells, com-

monly used as a model system for studying innate immunity to bacterial pathogens [13–15].

We find that, surprisingly, HEK293T cells launch a non-canonical NF-κB response to Yersinia
or Pseudomonas lacking actin-targeting T3SS effectors but expressing an otherwise functional

T3SS.

Materials and methods

Bacterial strains and cell lines

The Y. pseudotuberculosis IP2666 and P. aeruginosa PA103 strains used in this study are listed

in S1 Table. The Y. pseudotuberculosis ΔyopH and ΔyopO deletions in the IP2666 background

were constructed as previously described [16], using primer pairs designed using Primer 3 soft-

ware (http://fokker.wi.mit.edu/primer3/input.htm): F5’yopO (CGGTGAATGGGGATACAAAG),

R5’yopO (TAGGGGGCACTTGTCACATCCCCATGATTTTCACGCTTTT), F3’yopO (AAAAGCGT
GAAAATCATGGGGATGTGACAAGTGCCCCCTA), R3’yopO (TGGAGAAATGGCAATCAGGT),

NF-κB response to the Yersinia T3SS
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F5’yopH (CGCCAGACATTCACGACTAA), R5’yopH (TTGATTGGCAAAGTGGTTTTTAATAA
TAGGTGAGCCGTGT), F3’yopH (GGCTCACCTATTATTAAAAACCACTTTGCCAATCAAAGAA),

R3’yopH (ACCACTGCTGGTCAGTCGAT).

HEK293T cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and 2 mM L-glutamine at 37˚C in 5% CO2.

Bacterial culture and infection conditions

P. aeruginosa were grown overnight in Luria broth (LB) at 37˚C with shaking. On the day of

infection, cultures were backdiluted to an OD600 of 0.2 into LB and incubated at 37˚C with

shaking for 3 hours. Cultures were normalized for OD600 and added to eukaryotic cells for

infection.

Y. pseudotuberculosis cultures were grown overnight in 2xYT media at 26˚C with shaking.

On the day of infection, the cultures were backdiluted to an OD600 of 0.2 into low calcium

media (2xYT with 20 mM sodium oxalate and 20 mM MgCl2) and incubated at 26˚C with

shaking for 1.5 hours. The cultures were then shifted to 37˚C with shaking for 1.5 hrs. Cultures

were normalized for OD600 and added to eukaryotic cells for infection.

Western blots

To assess p52 and p50 nuclear translocation and NIK levels, HEK293T cells were plated at a

density of 5x105 cells per well of a 6-well plate and incubated overnight. The next day, the cells

were infected with Y. pseudotuberculosis at a multiplicity of infection (MOI) of 10 or 25 for 4

hrs. The cells were resuspended in RIPA buffer and lysed by sonication at 40% power with

four 10-second pulses and a 20 second rest on ice. For nuclear and cytoplasmic protein isola-

tion, the Thermo Fisher NE-PER kit was used according to the manufacturer’s instructions

with the exception of isolating nuclear proteins with sonication at 40% power with two 10-sec-

ond pulses and 20 second rest on ice. Lysates were run on a 7.5% SDS-PAGE gels. Following

semi-dry transfer or wet transfer (for visualization of NIK) to immobilon-P, samples were ana-

lyzed by Western blotting for p100/p52 (Cell Signaling), p105/p50 (Millipore), actin (Santa

Cruz Biotechnology), laminB1 (Cell Signaling), tubulin (Cell Signaling), and NIK (Santa Cruz

Biotechnology). Densitometric quantification of the bands was performed using Image Lab

software (Bio-Rad).

RNA interference

3x104 HEK293Ts cells were plated in each well of a 24-well plate in 400 μl DMEM plus 10%

FBS and incubated overnight. On day two, the cells were transfected with siRNA targeting

NIK or scrambled control siRNA (siCON, Dharmacon) using Lipofectamine 2000 (Invitro-

gen) according to the manufacturer’s instructions. The following day the cells were transfected

with an NF-κB luciferase reporter plasmid (Stratagene) using Lipofectamine 2000 (Invitrogen)

according to the manufacturer’s instructions. On day four, the HEK293Ts were infected with

Y. pseudotuberculosis at MOI 7. Following a four hour infection at 37˚C/5% CO2, the medium

was aspirated before adding a 1:1 Neolite–phosphate-buffered saline (PBS) solution. Plates

were covered in foil, incubated for 5 min, and bioluminescence measured using an EnVision

plate reader (PerkinElmer).

Filtered supernatant experiment

HEK293T cells were plated and transfected with the NF-κB reporter plasmid as described

above. Concurrently, the same number of HEK293T cells were plated in a separate 24-well

NF-κB response to the Yersinia T3SS
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plate, but not transfected. The non-transfected cells were infected as described above. Follow-

ing a four-hour infection, the cell supernatants were filtered through a 0.22 μm filter, and this

filtered supernatant (conditioned media) transferred to the transfected reporter HEK293T

cells. As a positive control, some wells of transfected reporter cells were infected with Y.

pseudotuberculosis. After four hours of incubation with the conditioned media, or infection,

bioluminescence (NF-κB activation) was measured as described above.

Invasion assay

12mm round coverslips were autoclaved and treated with sterile Poly-L lysine (Sigma) diluted

1:10 in water for 5 min. Coverslips were washed with sterile water and allowed to dry for at

least 2 hours before use. 2.6x105 HEK293T cells were plated in each well of a 96-well plate in

400 μl DMEM plus 10% FBS and incubated overnight. The following day, the HEK293T cells

were infected at MOI 7. After 30 min, cell media was aspirated and replaced with fresh media

to remove non-attached cells. To end the infection, after two total hours the cells were fixed

with 4% formaldehyde for 10 min and incubated with an anti-Yersinia antibody (generously

provided by R. Isberg) followed by an anti-rabbit Alexa-fluor 594 secondary antibody (Life

Technologies). The HEK293T cells were then permeabilized with ice-cold methanol for 10 sec,

incubated with the anti-Yersinia antibody followed by an anti-rabbit FITC secondary antibody

(Santa Cruz Biotechnology) and Hoechst diluted 1:10,000 in PBS, mounted using ProLong

Gold mounting media (Life Technologies), and imaged using a Leica SP5 Confocal Micro-

scope. Approximately 300 bacteria were counted per strain for each of three biological

replicates.

Cytotoxicity assay

4.2x104 HEK293T cells were plated in each well of a 96-well plate in 100 μl DMEM plus 10%

FBS and incubated overnight. The following day the cells were infected in triplicate at MOI 7.

The cells were then incubated at 37˚C/5% CO2 for 4 or 24 hours. For the 24-hour time point,

chloramphenicol was added four hours post-inoculation. Following infection, the supernatant

was transferred to microcentrifuge tubes and centrifuged to pellet cellular debris. For full cell

lysis, 3 wells were flash frozen. 50 μl of the supernatant was then transferred to a new 96-well

well plate, and incubated for 30 minutes with 50 μl of substrate mix (CytoTox 96 Non-Radio-

active Cytotoxicity Assay, Promega). Following the incubation, 50 μl of stop solution was

added to each well, and the absorbance measured at 490nm. The fully lysed wells were aver-

aged and percent LDH release was calculated for each infection condition.

Statistical analysis

Unless stated otherwise, bar charts display a mean ± SEM from at least 3 independent biologi-

cal experiments. P values were determined by one-way ANOVA with Tukey’s post-hoc test

comparing all strains or conditions. Student’s t-test was also used for additional analysis to

compare NF-κB activation in siNIK versus siCON-treated conditions for a given bacterial

strain. All statistical analysis was done using KaleidaGraph (Synergy Software).

Results

The Y. pseudotuberculosis T3SS triggers a NIK-dependent NF-κB
response

To begin to characterize the HEK293T cell NF-κB response to Yersinia, we analyzed activity of

an NF-κB responsive luciferase reporter gene in cells infected with Y. pseudotuberculosis T3SS

NF-κB response to the Yersinia T3SS
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mutants [17]. As previously shown [4], a mutant lacking the YopHEMOJT T3SS effector pro-

teins (Δyop6) induced significantly higher levels of NF-κB activity than the WT strain encod-

ing the YopHEMOJ effectors or a mutant unable to form pores in host cell membranes to

deliver Yops (ΔyopB; Fig 1A). Loss of YopJ, an acetyltransferase known to dampen NF-κB acti-

vation [18, 19], led to increased NF-κB activation, although this was not statistically significant.

However, a Δyop6 strain complemented with a plasmid encoding YopJ triggered less overall

NF-κB activity than the parental Δyop6 strain (Fig 1A).

Fig 1. Yersinia lacking actin-targeting effectors activate NIK-dependent NF-κB activation. (A) NF-κB
luciferase reporter HEK293T cells were infected with WT and mutant Yersinia for four hours and

luminescence measured. (B) The same experiment as in A was repeated, except NIK expression was

knocked down using siRNA, or control siRNA was used. Data is expressed as NF-κB levels in control siRNA-

treated cells divided by NF-κB levels of cells treated with siRNA against NIK. Higher ratios indicate more

dependence on NIK. The average of at least three independent biological replicates ± standard error of the

mean (SEM) is shown. *p < 0.05, **p < 0.005, ***p < 0.0005, as determined by one-way ANOVA with

Tukey’s HSD post-hoc test.

doi:10.1371/journal.pone.0171406.g001

NF-κB response to the Yersinia T3SS
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To determine the type of NF-κB pathway activated by Yersinia, we used RNA interference

to deplete cellular levels of the non-canonical NF-κB kinase NIK prior to transfection with

NF-κB luciferase reporter and infection with Yersinia. A representative NIK immunoblot

shows a two-fold depletion of NIK levels upon RNA interference (S1 Fig), as typically seen in

other studies [20–22]. Upon NIK knockdown, the Δyop6 strain triggered three-fold less NF-

κB activity than in HEK293Ts treated with control siRNA (p = 0.003, Student’s t-test, Δyop6--

siRNA control versus Δyop6-siNIK). This result suggests that the NF-κB response to the

Δyop6 strain at four hours post-infection is primarily NIK-dependent, as at least 63% of the

overall NF-κB response measured is dependent on NIK.

WT Y. pseudotuberculosis, which triggered less overall NF-κB activity compared to the

Δyop6 strain, activated NF-κB independently of NIK (Fig 1). Expression of YopJ was not suffi-

cient to shift the response from NIK-independent to NIK-dependent, as the Δyop6+pYopJ

strain induced NF-κB activation in a manner that was not statistically different from the

Δyop6 parental strain during NIK knockdown (Fig 1B). Taken together, these data confirm

that YopJ reduces overall NF-κB activation, yet its presence or absence does not impact the

NIK-dependency of the NF-κB response. Furthermore, these results suggest that Yop effectors

other than YopJ alter the NIK-dependency of the NF-κB response.

Yop effectors that target the actin cytoskeleton shift the NIK-dependency

of the host cell NF-κB response

We sought to determine whether a Yop effector other than YopJ was responsible for influenc-

ing the nature of the NF-κB response to Yersinia. We infected HEK293T cells with single-

effector deletion mutants lacking Yops E, H, J, M, or O, and tested their NF-κB response (Fig

1). All five single deletion strains triggered a primarily NIK-independent NF-κB response at a

similar level to WT Y. pseudotuberculosis (Fig 1B), indicating that no single effector was

responsible for shifting the NF-κB response from largely NIK-dependent to NIK-independent.

As several Yop effectors target the actin cytoskeleton, we tested the ability of a Y. pseudotu-
berculosis strain lacking the actin cytoskeleton targeting effectors E, H, and O, but expressing

Yops J and M, to activate NF-κB in HEK293T cells. The ΔyopEHO mutant induced NF-κB to

the same level as WT Y. pseudotuberculosis (Fig 1A), as YopJ is expressed, but required NIK to

activate NF-κB (p = 0.02, Student’s t-test, ΔyopEHO-siRNA control versus Δ yopEHO-siNIK;

Fig 1B) similar to the Δyop6 strain. This suggests that the actin-targeting effector Yops E, H,

and O are collectively required to alter the NIK-dependency of the NF-κB response, and that

Yops J and M are dispensable for this effect.

The Pseudomonas aeruginosa T3SS triggers a primarily NIK-dependent

NF-κB response

To determine whether the NIK-dependent NF-κB response is unique to Y. pseudotuberculosis,
or could be observed during infection with other T3SS-expressing pathogens, we tested the

immune response to Pseudomonas aeruginosa. We compared PA103 strains lacking the T3SS

effectors ExoU and ExoT (ΔexoUT), containing a nonfunctional T3SS (ΔpopBD), or containing

only the actin-targeting effector ExoT (ΔexoU). A recent report identified PemA and PemB as

putative Pseudomonas effectors, and these may be present [23]. WT P. aeruginosa could not be

used in this assay as its phospholipase ExoU rapidly lysed host cells before the NF-κB response

could be measured (data not shown).

P. aeruginosa ΔexoUT caused 4.5-fold more NF-κB activation than the ΔpopBD strain

(p = 0.005, ANOVA with Tukey’s HSD post-hoc), while the ΔexoU strain did not induce a sig-

nificant response (p = 0.29, ANOVA Tukey’s HSD post-hoc, Fig 2A). Like the Δyop6 Y.

NF-κB response to the Yersinia T3SS
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pseudotuberculosis strain, ΔexoUT triggered NF-κB that was 73% NIK-dependent in contrast

to the ΔpopBD or ΔexoU P. aeruginosa strains (Fig 2B). This indicates that P. aeruginosa and Y.

pseudotuberculosis strains lacking actin-targeting effectors induce a largely NIK-dependent

NF-κB pathway, and that translocation of actin-modulating effectors into host cells alters the

NIK-dependency of the NF-κB response to infection with T3SS-positive bacteria.

The Y. pseudotuberculosis T3SS triggers nuclear localization of the non-

canonical subunit, p52

In unstimulated cells, NIK protein levels are kept low by the activity of a destruction complex,

as activation of the non-canonical NF-κB pathway requires NIK protein levels to accumulate

[24, 25]. This complex, comprised of TRAF3, TRAF2, and cIAP1/2, continuously degrades

NIK until the complex is recruited to one of several ligand-bound membrane receptors [12].

The presence of NIK is essential for processing of the non-canonical NF-κB precursor, p100,

into p52 and induction of nuclear translocation of the non-canonical NF-κB heterodimer,

RelB/p52 [24, 25]. To assess the involvement of p52 in the HEK293T cell response to Yersinia,

we analyzed p52 nuclear entry in infected HEK293T cells via western blot (Fig 3A). The Δyop6

strain induced greater p52 accumulation in comparison to WT, the ΔyopJ strain, and the

ΔyopB strain as well as uninfected HEK293T cells, although some p52 was detected in the

nucleus of cells infected with WT and the ΔyopJ mutant. Collectively these data show that Yer-
sinia lacking actin-targeting effectors induces greater p52 nuclear entry and NIK-dependent

NF-κB activation than Yersinia expressing these effectors.

The Y. pseudotuberculosis T3SS induces nuclear localization of the

canonical NF-κB subunit, p50

To assess the canonical NF-κB response to Yersinia, we infected HEK293T cells and measured

nuclear localization of p50 (Fig 3B). Interestingly, the Δyop6 strain induced approximately

two-fold more nuclear p50 than both WT and the ΔyopJ strain. These data suggest that

Fig 2. Pseudomonas lacking actin-targeting effectors trigger NIK-dependent NF-κB. (A) NF-κB
luciferase reporter HEK293T cells were infected with various Pseudomonas strains for four hours and

luminescence measured. (B) The same experiment as in A was repeated in the presence of control siRNA or

siRNA against NIK. The average of at least three independent biological replicates ± SEM is shown.

*p < 0.05, **p < 0.005, ***p < 0.0005, as determined by one-way ANOVA with Tukey’s HSD post-hoc test.

doi:10.1371/journal.pone.0171406.g002

NF-κB response to the Yersinia T3SS
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although the majority of the NF-κB response to Yersinia lacking actin-targeting effectors is

NIK-dependent, both p50 and p52 subunits enter the nucleus following HEK293T infection

with Δyop6.

Actin-targeting effectors prevent Y. pseudotuberculosis invasion of

HEK293T cells

To further understand how the T3SS activates a predominant NIK-dependent NF-κB response

in the absence of YopEHO, we investigated the ability of our Y. pseudotuberculosis strains to

invade HEK293T cells (Fig 4, S2 Fig). WT Y. pseudotuberculosis remained largely extracellular.

The Δyop6 strain invaded at the highest rate, with 62% of bacteria internalized two hours post-

inoculation. The ΔyopEHO strain and the T3SS-deficient ΔyopB strain were also unable to pre-

vent internalization and displayed 51 and 55% invasion, respectively. These results suggest that

internalization is necessary but not sufficient for NIK-dependent NF-κB activation, as the

Δyop6, ΔyopEHO, and ΔyopB strains invaded, but only the Δyop6 and ΔyopEHO strains, contain-

ing a functional T3SS, triggered a primarily NIK-dependent NF-κB response. This differential

localization did not lead to differences in host cell survival, as infection with the WT, Δyop6, and

ΔyopB strains did not cause significant LDH release compared to uninfected controls (S4 Fig).

Extracellular bacteria do not activate NIK-dependent NF-κB
We hypothesized that location of T3SS activity, irrespective of effector presence, was the criti-

cal factor determining the type of NF-κB response. To test this, we pretreated HEK293T cells

Fig 3. Yersinia lacking actin-targeting effectors activate nuclear translocation of NF-κB subunits p52 and p50. HEK293T cells were infected with

various Y. pseudotuberculosis mutants for four hours and nuclear extracts were isolated. (A) p52 and (B) p50 levels were measured by immunoblot and

compared to nuclear Lamin B1 levels. Representative images are shown.

doi:10.1371/journal.pone.0171406.g003

NF-κB response to the Yersinia T3SS
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with the actin depolymerizing fungal toxin cytochalasin D to prevent bacterial internalization,

and quantified NF-κB NIK dependency. Cytochalasin D pre-treatment of HEK293T cells

infected with either Y. pseudotuberculosis Δyop6 or P. aeruginosa ΔexoUT led to loss of depen-

dence on NIK for NF-κB activation (Fig 5). Furthermore, pre-treatment of infected cells with

the Rac1 inhibitor NSC23766 [26] reduced Δyop6 bacterial uptake and NIK-dependent NF-κB

activation by ~1.5 fold (S3 Fig). Taken together, these results suggest Y. pseudotuberculosis and

P. aeruginosa must be internalized and possess a functional T3SS to activate NIK-dependent

NF-κB.

Conditioned media from Y. pseudotuberculosis infected cells does not

stimulate NF-κB in naïve HEK293T cells

In order to determine whether a diffusible molecule is involved in the ability of Yersinia to trig-

ger NF-κB activation, we tested the ability of the supernatant of infected HEK293T cells to trig-

ger NF-κB activation in naïve HEK293T NF-κB reporter cells (Fig 6). While infecting

HEK293T cells with Y. pseudotuberculosis Δyop6 induced NF-κB activation as expected,

Fig 4. Yersinia mutants that cannot target the actin-cytoskeleton are internalized into HEK293T cells.

HEK293T cells were infected with WT and mutant Yersinia for two hours and infected cells visualized by

confocal microscopy. The average percent of internalized bacteria of three independent biological

replicates ± SEM is shown. *p < 0.005, as determined by one-way ANOVA with Tukey’s HSD post-hoc test.

doi:10.1371/journal.pone.0171406.g004

NF-κB response to the Yersinia T3SS
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incubating these cells with filtered supernatant from infected cells did not trigger NF-κB.

These data suggest that Yersinia does not induce NF-κB activation in HEK293T cells depen-

dent upon a diffusible molecule.

Discussion

We used RNA interference to elucidate the host NF-κB response to the bacterial T3SS. T3SS-

positive extracellular Y. pseudotuberculosis and P. aeruginosa triggered NF-κB activation in a

NIK-independent manner, indicative of the canonical NF-κB pathway. In contrast, internal-

ized T3SS-positive Y pseudotuberculosis and P. aeruginosa induced NF-κB activation in a

largely NIK-dependent manner, indicative of the non-canonical NF-κB pathway. These data

suggest that T3SS-expressing bacteria may trigger distinct signaling pathways following

engagement of the plasma membrane versus the vacuolar membrane.

We found that internalized Y. pseudotuberculosis and P. aeruginosa induce a distinct NIK-

dependent NF-κB pathway. This non-canonical NF-κB activation was dependent on a

Fig 5. Intracellular and extracellular T3SS-positive bacteria vary in their dependency on NIK for NF-κB

activation. NF-κB luciferase reporter HEK293T cells were treated with control siRNA or siRNA against NIK,

infected with Yersinia or Pseudomonas for four hours in the presence or absence of the actin disrupting toxin

cytochalasin D, and luminescence measured. The average of at least three independent biological replicates

is shown ± SEM. *p < 0.03, **p < 0.004, as determined by one-way ANOVA with Tukey’s post-hoc test.

doi:10.1371/journal.pone.0171406.g005
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functional T3SS, as pore formation mutants (ΔyopB and ΔpopBD) were internalized but did

not induce NF-κB. If cytochalasin D was used to force bacteria expressing an active T3SS but

lacking actin-targeting effectors to remain extracellular, the bacteria no longer activated NF-

κB in a NIK-dependent manner. Cytochalasin D still allowed 60% of normal Yop transloca-

tion, suggesting it does not completely block translocation of T3SS cargo into the host cytosol

([26], unpublished data). In addition, the Rac1 inhibitor NSC23766, which does not have an

effect on translocation or pore formation [26], also decreased bacterial uptake and NF-κB

NIK-dependency. Therefore, non-canonical NF-κB signaling may be a mechanism to recog-

nize T3SS activity in internalized bacteria.

The non-canonical NF-κB pathway is typically activated by a small set of membrane

receptors and their cognate ligands, such as BAFF, CD40 and LTβ [10]. We have not yet

identified the receptor responsible for T3SS-induced non-canonical NF-κB activation. A

subset of ligands that trigger the non-canonical NF-κB pathway are secreted molecules such

as BAFF [10, 12]. However, our data suggests that NF-κB activation triggered by Yersinia
lacking actin-targeting effectors does not involve a diffusible molecule released from infected

cells. This suggests that Yersinia lacking actin targeting effectors instead triggers NF-κB

directly in infected cells or in bystander cells through modulation of a membrane-bound

receptor agonist.

Previous studies have elucidated independent mechanisms by which host cells recognize

the T3SS. There is evidence that translocation of T3SS needle and inner rod subunits through

Fig 6. Transfer of conditioned media from Yersinia infected cells does not activate NF-κB in naïve

cells. HEK293T cells were infected for four hours with various Yersinia strains, the supernatant filtered and

transferred to uninfected HEK293T cells expressing an NF-κB luciferase reporter, and NF-κB activity

measured after four hours. In parallel, as a positive control, HEK293T reporter cells were infected with Y.

pseudotuberculosis Δyop6 and bioluminescence measured after four hours. A representative experiment of

three independent replicates is shown.

doi:10.1371/journal.pone.0171406.g006
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the T3SS into host cells leads to inflammasome activation via NAIP PRRs [15, 27–30]. In addi-

tion, Yersinia YopE and YopT were recently shown to trigger pyrin inflammasome activation

through their impact on RhoA [31]. Furthermore, Keestra et al. demonstrated that the down-

stream activities of a Salmonella Rho GTPase-activating effector could be sensed by Nod1,

leading to induction of NF-κB and MAPK pathways [32]. While we demonstrate here that

actin cytoskeletal-targeting effectors alter the nature of the NF-κB response to T3SS-positive

Yersinia, our previous data showed that the NF-κB response to the effectorless Y. pseudotuber-
culosis Δyop6 strain was independent of Nod1 and Nod2 [4]. Our findings suggest that a dis-

tinct host pathway may sense a functional T3SS deployed by an internalized pathogen, leading

to NIK-dependent NF-κB activation.

While it remains unclear what implications this host cell signaling response has on infec-

tion, it is highly relevant for utilization of the NF-κB response to the T3SS as a screening strat-

egy for T3SS activity. Previously our lab has used the host NF-κB response to screen for small-

molecule inhibitors of the T3SS [17] and in a forward-genetic screen for bacterial genes affect-

ing the T3SS [16]. A better understanding the NF-κB response to the T3SS will facilitate opti-

mization of the signal to noise ratio of these screens, development of appropriate secondary

screens, and insight into how small molecules or specific bacterial genes impact the T3SS-host

cell interaction.

Supporting information

S1 Fig. Representative immunoblot of NIK protein levels following RNA interference.

RNA interference was used to deplete NIK levels and dampen the non-canonical NF-κB

response in Fig 1B. NIK protein levels were measured by immunoblot and compared to actin

in the presence of control or NIK-targeting small-interfering RNA. A representative image is

shown.

(TIF)

S2 Fig. Yersinia internalization into HEK293T cells. HEK293T cells were infected with wild-

type or mutant Y. pseudotuberculosis and intracellular versus extracellular bacteria enumerated

after two hours of infection. Red bacteria are extracellular (left panels) whereas bacteria stained

both red and green are intracellular (middle panels). HEK293T nuclei are stained with DAPI

(blue). Representative images are shown.

(TIF)

S3 Fig. Effect of NSC3766 and cytochalasin D on Yersinia invasion and NF-κB activation.

(A) HEK293T cells were infected for four hours with Δyop6 in the presence or absence of cyto-

chalasin D or NSC3766 and intracellular versus extracellular bacteria enumerated as in S2 Fig.

(B) HEK293T cells expressing the NF-κB luciferase reporter treated with control siRNA or

siRNA against NIK were infected for four hours with wildtype or mutant Y. pseudotuberculosis
in the presence or absence of NSC3766 and bioluminescence quantified. The average of three

independent experiments ± SEM is shown.

(TIF)

S4 Fig. Yersinia toxicity to HEK293T cells. HEK293T cells were infected with WT, Δyop6, or

ΔyopB Yersinia for four (A) or 24 hours (B) and cytotoxicity measured by lactate dehydroge-

nase (LDH) release. The average of three independent experiments ± SEM is shown.

(TIF)

S1 Table. Bacterial strains used in this study.

(DOCX)

NF-κB response to the Yersinia T3SS

PLOS ONE | DOI:10.1371/journal.pone.0171406 February 6, 2017 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171406.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171406.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171406.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171406.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171406.s005


Acknowledgments

We thank Hanh Lam for critical review of the manuscript. We thank Benjamin Abrams in the

UCSC Life Sciences Microscopy Center for technical support, Ralph Isberg for the anti-Yersi-
nia antibody, and Molly Bergman for the Δyop6+YopJ strain. Research reported in this publi-

cation was supported by the National Institute Of Allergy And Infectious Diseases of the

National Institutes of Health under Award Number R01AI106930, a Faculty Research Grant

from the UC Santa Cruz Committee on Research, and a grant from the University of Califor-

nia Cancer Research Coordinating Committee (to VA). The funders had no role in study

design, data collection and analysis, decision to publish, or preparation of the manuscript.

Author contributions

Conceptualization: MCD VA.

Formal analysis: MCD NGH.

Funding acquisition: VA NGH.

Investigation: MCD NGH KSJ.

Methodology: MCD NGH VA JNE.

Project administration: VA.

Resources: JNE.

Supervision: VA.

Validation: MCD NGH KSJ.

Visualization: MCD NGH VA.

Writing – original draft: MCD NGH VA.

Writing – review & editing: MCD NGH VA.

References
1. Blander JM, Sander LE. Beyond pattern recognition: five immune checkpoints for scaling the microbial

threat. Nature reviews Immunology. 2012; 12(3):215–25. doi: 10.1038/nri3167 PMID: 22362354

2. Vance RE, Isberg RR, Portnoy DA. Patterns of pathogenesis: discrimination of pathogenic and non-

pathogenic microbes by the innate immune system. Cell Host Microbe. 2009; 6(1):10–21. doi: 10.1016/

j.chom.2009.06.007 PMID: 19616762

3. Cornelis GR. The type III secretion injectisome. Nat Rev Microbiol. 2006; 4(11):811–25. Epub 2006/10/

17. doi: 10.1038/nrmicro1526 PMID: 17041629

4. Auerbuch V, Golenbock DT, Isberg RR. Innate immune recognition of Yersinia pseudotuberculosis type

III secretion. PLoS Pathog. 2009; 5(12):e1000686. doi: 10.1371/journal.ppat.1000686 PMID: 19997504

5. Solomon R, Zhang W, McCrann G, Bliska JB, Viboud GI. Random Mutagenesis Identifies a C-Terminal

Region of YopD Important for Yersinia Type III Secretion Function. PLoS One. 2015; 10(3):e0120471.

doi: 10.1371/journal.pone.0120471 PMID: 25807250

6. Viboud GI, So SS, Ryndak MB, Bliska JB. Proinflammatory signalling stimulated by the type III translo-

cation factor YopB is counteracted by multiple effectors in epithelial cells infected with Yersinia pseudo-

tuberculosis. Mol Microbiol. 2003; 47(5):1305–15. PMID: 12603736

7. Zwack EE, Snyder AG, Wynosky-Dolfi MA, Ruthel G, Philip NH, Marketon MM, et al. Inflammasome

activation in response to the Yersinia type III secretion system requires hyperinjection of translocon pro-

teins YopB and YopD. mBio. 2015; 6(1):e02095–14. doi: 10.1128/mBio.02095-14 PMID: 25691590

8. Schesser K, Spiik AK, Dukuzumuremyi JM, Neurath MF, Pettersson S, Wolf-Watz H. The yopJ locus is

required for Yersinia-mediated inhibition of NF-kappaB activation and cytokine expression: YopJ

NF-κB response to the Yersinia T3SS

PLOS ONE | DOI:10.1371/journal.pone.0171406 February 6, 2017 13 / 15

http://dx.doi.org/10.1038/nri3167
http://www.ncbi.nlm.nih.gov/pubmed/22362354
http://dx.doi.org/10.1016/j.chom.2009.06.007
http://dx.doi.org/10.1016/j.chom.2009.06.007
http://www.ncbi.nlm.nih.gov/pubmed/19616762
http://dx.doi.org/10.1038/nrmicro1526
http://www.ncbi.nlm.nih.gov/pubmed/17041629
http://dx.doi.org/10.1371/journal.ppat.1000686
http://www.ncbi.nlm.nih.gov/pubmed/19997504
http://dx.doi.org/10.1371/journal.pone.0120471
http://www.ncbi.nlm.nih.gov/pubmed/25807250
http://www.ncbi.nlm.nih.gov/pubmed/12603736
http://dx.doi.org/10.1128/mBio.02095-14
http://www.ncbi.nlm.nih.gov/pubmed/25691590


contains a eukaryotic SH2-like domain that is essential for its repressive activity. Mol Microbiol. 1998;

28(6):1067–79. PMID: 9680199

9. Shih VF, Tsui R, Caldwell A, Hoffmann A. A single NFkappaB system for both canonical and non-

canonical signaling. Cell Res. 2011; 21(1):86–102. doi: 10.1038/cr.2010.161 PMID: 21102550

10. Razani B, Reichardt AD, Cheng G. Non-canonical NF-kappaB signaling activation and regulation: prin-

ciples and perspectives. Immunol Rev. 2011; 244(1):44–54. doi: 10.1111/j.1600-065X.2011.01059.x

PMID: 22017430

11. Sun SC. Non-canonical NF-kappaB signaling pathway. Cell Res. 2011; 21(1):71–85. doi: 10.1038/cr.

2010.177 PMID: 21173796

12. Sun SC. The noncanonical NF-kappaB pathway. Immunol Rev. 2012; 246(1):125–40. doi: 10.1111/j.

1600-065X.2011.01088.x PMID: 22435551

13. Shi J, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases are innate immune receptors

for intracellular LPS. Nature. 2014; 514(7521):187–92. doi: 10.1038/nature13683 PMID: 25119034

14. Sheahan KL, Isberg RR. Identification of mammalian proteins that collaborate with type III secretion

system function: involvement of a chemokine receptor in supporting translocon activity. mBio. 2015; 6

(1):e02023–14. doi: 10.1128/mBio.02023-14 PMID: 25691588

15. Kofoed EM, Vance RE. Innate immune recognition of bacterial ligands by NAIPs determines inflamma-

some specificity. Nature. 2011; 477(7366):592–5. doi: 10.1038/nature10394 PMID: 21874021

16. Miller HK, Kwuan L, Schwiesow L, Bernick DL, Mettert E, Ramirez HA, et al. IscR is essential for Yersi-

nia pseudotuberculosis type III secretion and virulence. PLoS Pathog. 2014; 10(6):e1004194. doi: 10.

1371/journal.ppat.1004194 PMID: 24945271

17. Duncan MC, Wong WR, Dupzyk AJ, Bray WM, Linington RG, Auerbuch V. An NF-kappaB-based high-

throughput screen identifies piericidins as inhibitors of the Yersinia pseudotuberculosis type III secretion

system. Antimicrob Agents Chemother. 2014; 58(2):1118–26. doi: 10.1128/AAC.02025-13 PMID:

24295981

18. Bliska JB. Yersinia inhibits host signaling by acetylating MAPK kinases. ACS chemical biology. 2006; 1

(6):349–51. doi: 10.1021/cb600261k PMID: 17163770

19. Mukherjee S, Keitany G, Li Y, Wang Y, Ball HL, Goldsmith EJ, et al. Yersinia YopJ acetylates and inhib-

its kinase activation by blocking phosphorylation. Science. 2006; 312(5777):1211–4. doi: 10.1126/

science.1126867 PMID: 16728640

20. Yamaguchi N, Ito T, Azuma S, Ito E, Honma R, Yanagisawa Y, et al. Constitutive activation of nuclear

factor-kappaB is preferentially involved in the proliferation of basal-like subtype breast cancer cell lines.

Cancer Sci. 2009; 100(9):1668–74. doi: 10.1111/j.1349-7006.2009.01228.x PMID: 19538528

21. Thu YM, Su Y, Yang J, Splittgerber R, Na S, Boyd A, et al. NF-kappaB inducing kinase (NIK) modulates

melanoma tumorigenesis by regulating expression of pro-survival factors through the beta-catenin path-

way. Oncogene. 2012; 31(20):2580–92. doi: 10.1038/onc.2011.427 PMID: 21963849

22. Saitoh Y, Yamamoto N, Dewan MZ, Sugimoto H, Martinez Bruyn VJ, Iwasaki Y, et al. Overexpressed

NF-kappaB-inducing kinase contributes to the tumorigenesis of adult T-cell leukemia and Hodgkin

Reed-Sternberg cells. Blood. 2008; 111(10):5118–29. doi: 10.1182/blood-2007-09-110635 PMID:

18305221

23. Burstein D, Satanower S, Simovitch M, Belnik Y, Zehavi M, Yerushalmi G, et al. Novel type III effectors

in Pseudomonas aeruginosa. mBio. 2015; 6(2):e00161. doi: 10.1128/mBio.00161-15 PMID: 25784698

24. Sun SC. Non-canonical NF-κB signaling pathway. Cell Res. 2011; 21(1):71–85. doi: 10.1038/cr.2010.

177 PMID: 21173796

25. Sun SC. The noncanonical NF-κB pathway. Immunol Rev. 2012; 246(1):125–40. doi: 10.1111/j.1600-

065X.2011.01088.x PMID: 22435551

26. Mejia E, Bliska JB, Viboud GI. Yersinia controls type III effector delivery into host cells by modulating

Rho activity. PLoS Pathog. 2008; 4(1):e3. doi: 10.1371/journal.ppat.0040003 PMID: 18193942

27. Schotte P, Denecker G, Van Den Broeke A, Vandenabeele P, Cornelis GR, Beyaert R. Targeting Rac1

by the Yersinia effector protein YopE inhibits caspase-1-mediated maturation and release of interleu-

kin-1beta. J Biol Chem. 2004; 279(24):25134–42. doi: 10.1074/jbc.M401245200 PMID: 15060067

28. Shin H, Cornelis GR. Type III secretion translocation pores of Yersinia enterocolitica trigger maturation

and release of pro-inflammatory IL-1beta. Cell Microbiol. 2007; 9(12):2893–902. doi: 10.1111/j.1462-

5822.2007.01004.x PMID: 17991047

29. Yang J, Zhao Y, Shi J, Shao F. Human NAIP and mouse NAIP1 recognize bacterial type III secretion

needle protein for inflammasome activation. Proc Natl Acad Sci U S A. 2013; 110(35):14408–13. doi:

10.1073/pnas.1306376110 PMID: 23940371

NF-κB response to the Yersinia T3SS

PLOS ONE | DOI:10.1371/journal.pone.0171406 February 6, 2017 14 / 15

http://www.ncbi.nlm.nih.gov/pubmed/9680199
http://dx.doi.org/10.1038/cr.2010.161
http://www.ncbi.nlm.nih.gov/pubmed/21102550
http://dx.doi.org/10.1111/j.1600-065X.2011.01059.x
http://www.ncbi.nlm.nih.gov/pubmed/22017430
http://dx.doi.org/10.1038/cr.2010.177
http://dx.doi.org/10.1038/cr.2010.177
http://www.ncbi.nlm.nih.gov/pubmed/21173796
http://dx.doi.org/10.1111/j.1600-065X.2011.01088.x
http://dx.doi.org/10.1111/j.1600-065X.2011.01088.x
http://www.ncbi.nlm.nih.gov/pubmed/22435551
http://dx.doi.org/10.1038/nature13683
http://www.ncbi.nlm.nih.gov/pubmed/25119034
http://dx.doi.org/10.1128/mBio.02023-14
http://www.ncbi.nlm.nih.gov/pubmed/25691588
http://dx.doi.org/10.1038/nature10394
http://www.ncbi.nlm.nih.gov/pubmed/21874021
http://dx.doi.org/10.1371/journal.ppat.1004194
http://dx.doi.org/10.1371/journal.ppat.1004194
http://www.ncbi.nlm.nih.gov/pubmed/24945271
http://dx.doi.org/10.1128/AAC.02025-13
http://www.ncbi.nlm.nih.gov/pubmed/24295981
http://dx.doi.org/10.1021/cb600261k
http://www.ncbi.nlm.nih.gov/pubmed/17163770
http://dx.doi.org/10.1126/science.1126867
http://dx.doi.org/10.1126/science.1126867
http://www.ncbi.nlm.nih.gov/pubmed/16728640
http://dx.doi.org/10.1111/j.1349-7006.2009.01228.x
http://www.ncbi.nlm.nih.gov/pubmed/19538528
http://dx.doi.org/10.1038/onc.2011.427
http://www.ncbi.nlm.nih.gov/pubmed/21963849
http://dx.doi.org/10.1182/blood-2007-09-110635
http://www.ncbi.nlm.nih.gov/pubmed/18305221
http://dx.doi.org/10.1128/mBio.00161-15
http://www.ncbi.nlm.nih.gov/pubmed/25784698
http://dx.doi.org/10.1038/cr.2010.177
http://dx.doi.org/10.1038/cr.2010.177
http://www.ncbi.nlm.nih.gov/pubmed/21173796
http://dx.doi.org/10.1111/j.1600-065X.2011.01088.x
http://dx.doi.org/10.1111/j.1600-065X.2011.01088.x
http://www.ncbi.nlm.nih.gov/pubmed/22435551
http://dx.doi.org/10.1371/journal.ppat.0040003
http://www.ncbi.nlm.nih.gov/pubmed/18193942
http://dx.doi.org/10.1074/jbc.M401245200
http://www.ncbi.nlm.nih.gov/pubmed/15060067
http://dx.doi.org/10.1111/j.1462-5822.2007.01004.x
http://dx.doi.org/10.1111/j.1462-5822.2007.01004.x
http://www.ncbi.nlm.nih.gov/pubmed/17991047
http://dx.doi.org/10.1073/pnas.1306376110
http://www.ncbi.nlm.nih.gov/pubmed/23940371


30. Zhao Y, Shao F. The NAIP-NLRC4 inflammasome in innate immune detection of bacterial flagellin and

type III secretion apparatus. Immunol Rev. 2015; 265(1):85–102. doi: 10.1111/imr.12293 PMID:

25879286

31. Chung LK, Park YH, Zheng Y, Brodsky IE, Hearing P, Kastner DL, et al. The Yersinia Virulence Factor

YopM Hijacks Host Kinases to Inhibit Type III Effector-Triggered Activation of the Pyrin Inflammasome.

Cell Host Microbe. 2016; 20(3):296–306. doi: 10.1016/j.chom.2016.07.018 PMID: 27569559

32. Keestra AM, Winter MG, Auburger JJ, Frassle SP, Xavier MN, Winter SE, et al. Manipulation of small

Rho GTPases is a pathogen-induced process detected by NOD1. Nature. 2013; 496(7444):233–7. doi:

10.1038/nature12025 PMID: 23542589

NF-κB response to the Yersinia T3SS

PLOS ONE | DOI:10.1371/journal.pone.0171406 February 6, 2017 15 / 15

http://dx.doi.org/10.1111/imr.12293
http://www.ncbi.nlm.nih.gov/pubmed/25879286
http://dx.doi.org/10.1016/j.chom.2016.07.018
http://www.ncbi.nlm.nih.gov/pubmed/27569559
http://dx.doi.org/10.1038/nature12025
http://www.ncbi.nlm.nih.gov/pubmed/23542589



