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Summary
Infection with Shiga toxin (STx)-producing bacteria can progress to a toxemic, extraintestinal
injury cascade known as hemolytic uremic syndrome (HUS), the leading cause of acute renal
failure in children. Mounting evidence suggests that STx activates stress response pathways in
susceptible cells and has implicated the p38 mitogen-activated protein kinase (MAPK) pathway.
More importantly, some of the pathology associated with HUS is believed to be a result of a STx-
induced inflammatory response. From a siRNA screen of the human kinome adapted to a high-
throughput format, we found that knock-down of the MAPK-activated protein kinase 2 (MK2), a
downstream target of the p38 MAPK, protected against Shiga toxicity. Further characterization of
the in vitro role of MK2 revealed that STx activates the p38-MK2 stress response pathway in both
p38- and MK2-dependent manners in two distinct cell lines. MK2 activation was specific to
damage to the ribosome by an enzymatically active toxin and did not result from translational
inhibition per se. Genetic and chemical inhibition of MK2 significantly decreased the
inflammatory response to STx. These findings suggest that MK2 inhibition might play a valuable
role in decreasing the immuopathological component of STx-mediated disease.

Introduction
Bacterial exotoxins are critical components of bacterial pathogenesis and constitute potential
vehicles for bioterrorism. Among the most studied of the bacterial toxins are members of the
AB family, including the bacterial toxins Shiga toxin (STx) and the plant toxin ricin. These
toxins are characterized by their bipartite structure, consisting of a pentameric, receptor-
binding B moiety that is non-covalently linked to a catalytic A subunit. Following a unique
retrograde trafficking pathway that facilitates toxin access to the cytosol (Yu and Haslam,
2005; Falguieres et al., 2001; Falnes and Sandvig, 2000; Simpson et al., 1999), these toxins
shut off host protein synthesis by inactivating the ribosome through cleavage of a single
adenine residue in the 28S rRNA (Obrig et al., 1987; Endo and Tsurugi, 1986; Reisbig et al.,
1981).

STx was initially identified in Shigella dysenteriae type I, though it is now commonly
associated with strains of STx-producing Escherichia coli (STEC), among which E. coli
O157:H7 has become the most clinically relevant. In a subset of patients, gastrointestinal
infection with STEC may progress to extraintestinal injury, leading to hemorrhagic colitis
and hemolytic uremic syndrome (HUS). This toxemic syndrome is clinically defined by
renal failure, thrombocytopenia, and hemolytic anemia, and it remains the leading cause of
acute renal failure in children (Griffin and Tauxe, 1991; Karmali, 1989). Extraintestinal
complications of HUS correlate with circulating levels of STx, though the mechanism of
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STx-induced pathology in HUS remains unclear. One of the hallmarks of HUS is the
development of thrombotic lesions within the intestinal and renal microvasculature that
accounts for the associated hemorrhagic colitis, hemolytic anemia, and renal failure (Proulx
et al., 2001). Though some evidence would suggest a direct role for STx in the thrombotic
microangiopathy associated with HUS (Louise and Obrig, 1992; Obrig et al., 1988), various
lines of evidence support the view that much of the systemic and focal pathology of HUS is
immune-mediated (Te Loo et al., 2006; van Setten et al., 1997; Ramegowda and Tesh, 1996;
Kaye et al., 1993; van de Kar et al., 1992).

In conjunction with the mounting evidence suggesting an inflammatory contribution to HUS
pathology, various cellular stress pathways have been implicated. Perhaps the most studied
are members of the mitogen activated protein kinase (MAPK) family. MAPKs are signal-
transducing enzymes involved in a variety of regulatory roles in eukaryotes, including
inflammation, differentiation, and apoptosis (Ono and Han, 2000). The p38 MAPK (p38)
plays a critical role in the response to various stresses, such as UV radiation, cytokines, and
toxic stress (Zarubin and Han, 2005). In the context of STx-mediated damage, numerous
studies have clearly defined the role of p38 in inciting inflammatory cytokine release from
toxin-treated cells (Stone et al., 2008; Foster and Tesh, 2002). One study, for example,
showed that sequence-specific damage to 28S rRNA by STx stimulated a ribotoxic stress
response that resulted in p38 activation (Smith et al., 2003).

Though the mechanisms behind STx activation of these signaling cascades remain unclear, a
critical component is the function of kinases in propagating the stress signal and initiating a
cellular response. As a result, kinases are tempting therapeutic targets for limiting STx-
mediated cellular injury. For example, inhibition of p38 activation decreased cytokine
release following exposure of macrophages to STx (Cherla et al., 2006). However, p38
inhibition may have limited therapeutic potential, given the ability of p38 to activate various
downstream kinases involved in diverse cellular functions. Indeed, mice deficient in p38 are
not viable post-natally (Allen et al., 2000; Mudgett et al., 2000; Tamura et al., 2000), and in
human clinical trials p38 inhibition has been met with unanticipated side effects
(Dominguez et al., 2005). Moreover, inhibition of p38 kinase activity by overexpression of
dominant negative p38 isoforms (Somwar et al., 2002) or by treatment with chemical
inhibitors (Henry et al., 1998) has made probing of specific p38-dependent signaling
pathways particularly difficult. Effectors downstream of p38 might therefore be more
specific and functionally relevant to the inflammatory signals induced in response to STx
(Gaestel et al., 2009).

The mitogen-activated protein kinase-activated protein kinase 2 (MK2) has been recently
shown to contribute to the inflammatory response (Kotlyarov et al., 1999). MK2 is a
member of the MK subfamily of calcium/calmodulin-dependent kinases that was originally
identified as an in vivo substrate of p38 (Gaestel, 2006). Activation of MK2 by p38 results
primarily in the subsequent phosphorylation of its two main substrates, heat shock protein
27 (Hsp27) and tristetraprolin (TTP). Despite evidence demonstrating that STx elicits a p38-
dependent stress response in vitro (Smith et al., 2003) and that MK2 has been implicated in
an in vivo inflammatory response to LPS (Kotlyarov et al., 1999), the role of MK2 in STx-
mediated toxicity has yet to be explored. From a high-throughput siRNA screen of the
human kinome, knock-down of MK2 was found to protect against Shiga toxicity. We
present evidence demonstrating that STx activates MK2 in vitro in a p38-dependent manner
and that inhibition of MK2 decreases the STx-induced inflammatory cytokine response.
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Results
Knock-down of MK2 protects against Shiga toxicity

Various approaches have been employed to study the biological mechanisms underlying
toxin-induced cell death. Of particular interest, high-throughput screens of small molecules
have been developed to target varying aspects of bacterial toxin pathogenesis (Saenz et al.,
2007; Hung et al., 2005; Carey et al., 2004). While small molecule compounds are amenable
to high-throughput screening and allow for the reversible manipulation of cellular processes,
the rate-limiting step in these studies is the identification of the compound's target (Saenz et
al., 2009).

As a result, we adapted an inherently target-based approach to specifically screen for kinases
involved in Shiga toxicity. An siRNA library targeting 646 human kinase and kinase-
associated genes (Supplementary Experimental Procedures) was optimized to a high-
throughput format and screened for kinases essential to Shiga toxicity in HeLa cells. A HeLa
cell line (HeLa-Fluc) that constitutively expressed luciferase (Gross and Piwnica-Worms,
2005), where light expression served as a translational readout, was transfected with a
duplex of each of 646 siRNAs targeting the human kinome (Experimental Procedures) prior
to treatment with STx (1 ng/mL) for 24 h. Each plate incorporated a series of controls to
assess the screen for siRNA transfection efficiency and discriminatory ability
(Supplementary Fig. 2). We considered a hit any kinase knock-down that, in the presence of
STx, maintained light levels at least 3 standard deviations above mock-transfected, STx-
treated controls on replicate plates. Of six kinase hits identified, the mitogen-activated
protein kinase-activated protein kinase 2 (MK2) revealed the strongest protective effect (Fig.
1), and its role in STx-induced cytotoxicity was investigated.

STx activates MK2 in vitro
MK2 is a member of the calcium/calmodulin-dependent superfamily of kinases functioning
downstream of the p38 MAP kinase (Gaestel, 2006). Activation of MK2 by p38 results in
the subsequent phosphorylation by MK2 of its two main substrates, Hsp27 and
tristetraprolin (TTP). Hsp27 phosphorylation has been demonstrated to be completely
dependent on the kinase activity of MK2 (Anderson et al., 2005), and we therefore used
Hsp27 phosphorylation as an indicator of MK2 activation. Since the p38 MAPK pathway
has been shown to play a critical role in the response to various stresses, including UV
radiation, cytokines, and toxic stress, we assessed STx activation of MK2 in HeLa cells by
monitoring Hsp27 phosphorylation. Treatment with STx resulted in activation of MK2 in
both a time- and dose-dependent manner. As early as 60 min following exposure to STx,
phosphorylation of MK2 and its downstream target, Hsp27, were observed (Fig. 2A).
Similarly, higher levels of phosphorylated MK2 and Hsp27 were observed with increasing
STx concentrations (Fig. 2B). Time- and dose-dependent phosphorylation of the p38 MAPK
mirrored that of MK2, suggesting activation of the p38-MK2 pathway (Fig. 2). In addition,
we confirmed that MK2 activation was not the result of a lipopolysacchride (LPS)
contamination of the toxin preparation, as heat-inactivated STx (HI-STx) failed to activate
MK2 (Fig. 2C).

Some studies have suggested that STxB binding to its receptor can stimulate signal
transduction cascades following activation of membrane-localized kinases, such as Syk
(Lauvrak et al., 2006) and Yes (Katagiri et al., 1999), and that these effects were
independent of the toxin's effect on ribosome function. We found, however, that exposure of
HeLa cells to the STxB subunit alone did not result in Hsp27 phosphorylation (Fig. 2C),
implying that engagement of the STx receptor, Gb3, by the receptor-binding B subunit is
insufficient for MK2 activation and that STx's catalytic activity is necessary for induction of
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this pathway. Phosphorylation of MK2 in the presence of STx thus appears to be specific to
an enzymatically active toxin.

Activation of MK2 is p38-dependent
To assess the role of p38 on STx-induced MK2 activation, we treated HeLa cells with the
p38-selective chemical inhibitor, SB202190, prior to STx exposure. As expected,
pretreatment with SB202190 blocked Hsp27 phosphorylation, indicating that STx
specifically activates MK2 through p38 and not through another stress activation pathway
(Fig. 2C). Moreover, pretreatment with other p38 inhibitors (SB 203580, p38 inhibitor III)
showed a similar effect, while pretreatment with the JNK inhibitor (SP 600125) showed no
decrease in MK2 activation in the presence of STx (Fig. 3). Taken together, these results
indicate that STx-induced activation of MK2 is dependent on its upstream MAP kinase, p38.

While we could confirm that STx stimulated the p38 MAPK pathway in HeLa cells, we
sought to validate these findings in a more physiologically relevant cell line. Much of the in
vivo systemic pathology resulting from infection with STx-producing bacteria is related to
the effects of circulating levels of STx on microvasculature (Tarr et al., 2005). STx-
mediated endothelial cytotoxicity is believed to contribute to the thrombotic
microangiopathy of HUS, and exposure of endothelial cells to STx has been shown to
induce thrombotic changes to the endothelial cell surface, further contributing to the pro-
coagulant state observed in HUS (Morigi et al., 2001). We investigated the in vitro effects of
STx on human microvascular endothelial cells (HMVEC). As with HeLa cells, STx
treatment of HMVEC stimulated MK2 activity in a time- and dose-dependent manner (Figs.
2A-B), and MK2 activation was shown to be p38-dependent (Fig. 3).

In these experiments we measured cellular responses to STx1 (Fig. 2) and STx2 (Fig. 3),
though we have found that HMVEC cells consistently showed similar sensitivity to both
STx subgroups in terms of p38 activation (data not shown). While both subgroups differ in
their toxicity in mice (Lindgren et al., 1994;Paros et al., 1993;Samuel et al., 1990), they
share indistinguishable toxicity in our cultured HMVEC (not shown) and HeLa cells
(Supplementary Fig. 5B), consistent with similar observations in Vero cells (Tesh et al.,
1993). However, epidemiological evidence suggests that stx2-producing enterohemorrhagic
E. coli (EHEC) O157:H7 strains are more frequently associated with HUS than are stx1-
producing strains (Ostroff et al., 1989;Scotland et al., 1987). We therefore found it relevant
to study both STx subgroups in the context of p38-MK2 activation.

STx activation of the p38-MK2 pathway requires MK2 enzymatic activity
Activation of the p38-MK2 pathway by STx was equally found to be dependent on MK2
catalytic activity. Overexpression of a catalytically inactive adenoviral construct (MK2-DN)
in HeLa cells eliminated STx1-induced Hsp27 phosphorylation compared to cells
overexpressing wild-type MK2 (MK2-WT) or control vector (pAd-Luc; Fig. 4A). To
validate this finding and further confirm the role of catalytically active MK2 in the response
to STx, pretreatment of endothelial cells with a recently identified inhibitor of MK2,
PHA-781089, blocked STx1-induced Hsp27 phosphorylation. This compound, at a dose of
20 μM, has been previously shown to inhibit Hsp27 phosphorylation of LPS-treated U937
macrophage cells. In addition, its selectivity for MK2 has been validated in cell-free and
cell-based systems (Anderson et al., 2005). We found a similar dose response of
PHA-781089 against Hsp27 phosphorylation in STx1-treated HeLa cells (Supplementary
Figure 5A). Treatment of HMVEC with 20 μM PHA-781089 resulted in undetectable levels
of phosphorylated Hsp27, even after 4 h of STx treatment, while vehicle-treated controls
demonstrated MK2 activity beginning at 60 mins (Fig. 4B). This effect was not the result of
the MK2 inhibitor on STx transport, as treatment of HeLa cells with PHA-781089 showed
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no effects on STxB-488 transport to the Golgi (Supplementary Fig. 5C). Previous studies
had demonstrated that inhibition of p38 blocked STx transport and signaling (Skanland et
al., 2009;Walchli et al., 2008), though our studies found no effects of MK2 inhibition on
STx transport to the Golgi in HeLa cells over the time course studied. Our findings suggest
that STx stimulates the p38-MK2 pathway in two distinct human cell lines and that
activation of the p38-MK2 pathway may contribute to the endothelial cellular stress
response to STx in vivo.

MK2 activation by STx is dependent on toxin adherence and intracellular transport
STx, like the plant toxin ricin, follows a retrograde trafficking pathway to reach its
intracellular target. Following endocytosis into an early endosome, it is believed that these
toxins hijack host trafficking mechanisms in order to bypass lysosomal degradation (Wilcke
et al., 2000) and coordinate their rerouting to the ER via the Golgi (Saenz et al., 2007). The
toxins are then retrotranslocated across the ER membrane in order to access the cytosol,
where they can inhibit protein synthesis by directly damaging the ribosome (Yu and Haslam,
2005; Yu et al., 2000; Simpson et al., 1999). To test whether MK2 activation relied on STx
transport to the cytosol, HMVEC were initially incubated with P1 glycoprotein, a ligand of
the Gb3 receptor. As STx is known to induce its uptake following binding to the
glycosphingolipid Gb3 (Takenouchi et al., 2004), we would expect that co-incubation of
STx1 with the P1 glycoprotein would prevent toxin endocytosis. Indeed, the P1 glycoprotein
reduced cell surface-associated STx1 and protected against STx1-mediated inhibition of
protein synthesis (Supplementary Figs. 6A-B). More importantly, the P1 glycoprotein was
able to protect against STx-induced p38 and Hsp27 phosphorylation, suggesting that STx
must be internalized to stimulate the p38-MK2 pathway (Fig. 5A). Similarly, treatment of
HMVEC with Golgicide A (GCA), a potent inhibitor of Shiga toxicity that arrests STx
transport at the early endosome (Saenz et al., 2009), was shown to also prevent STx-induced
p38 and Hsp27 phosphorylation. In contrast, GCA had no effect on anisomycin, an
established p38 agonist (Wang et al., 2005) that does not rely on intracellular transport and
that rapidly equilibrates in the cytosol. If we equally consider that treatment with STxB
alone did not activate MK2 (Fig. 2C), these results would collectively suggest that transport
of catalytically active STx to the cytosol is required to activate the p38-MK2 pathway.

MK2 activation relies on damage to the ribosome
Following entry into the cytosol, STx and ricin inhibit protein synthesis through sequence-
specific RNA damage to the α-sarcin loop in the 28S rRNA (Iordanov et al., 1997). Both
toxins consist of an enzymatic A subunit that has RNA N-glycohydrolase activity and
depurinates a single adenine residue at position 4324 of the 28S rRNA. Given that MK2
activation relied on enzymatically active STx (Fig. 2C), we examined the possibility that
MK2 activation was the result of ribosomal damage and not simply a stress response due to
translational inhibition. To test this, HMVEC were treated with various inhibitors of protein
synthesis acting through distinct mechanisms, and activation of the p38-MK2 pathway was
assessed . As expected, STx and ricin treatments both stimulated p38 and Hsp27
phosphorylation (Fig. 5B). In addition, both clinically relevant STx subgroups, STx1 and
STx2, stimulated a similar response. These subgroups show approximately 60% similarity in
the A subunits at the amino acid level (Proulx et al., 2001) and share a common enzymatic
mechanism. The bacterial exotoxins diphtheria toxin (DT) and Pseudomonas exotoxin A
(PE), however, were unable to stimulate the p38-MK2 pathway at concentrations that have
been previously shown to inhibit protein synthesis in HeLa cells (Zhao and Haslam, 2005).
Both toxins inhibit protein synthesis by catalyzing the ADP ribosylation of elongation factor
2 (Deng and Barbieri, 2008; Yates and Merrill, 2004). Similarly, the aminonucleoside
antibiotic puromycin, which arrests translation by causing a premature release of the nascent
peptide (Pestka, 1971), also failed to activate the p38-MK2 pathway, while cycloheximide,
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which prevents ribosomal translocation during translational elongation (Pestka, 1971),
weakly activated it. These findings are consistent with activation of the p38-MK2 pathway
following specific damage to the ribosome and not translational inhibition per se.

MK2 inhibition decreases the inflammatory response to STx
MK2 has been implicated in a variety of stress responses, most notably inflammation
(Kotlyarov et al., 1999), though no studies have directly assessed MK2's role in the context
of the STx-induced inflammatory response. Multiple studies have lent an immmunological
perspective to the pathology of HUS (Te Loo et al., 2006; van Setten et al., 1997;
Ramegowda and Tesh, 1996). Given the activation of the p38-MK2 stress response pathway
by STx and the contribution of this pathway to inflammation, we assessed the role of MK2
in generating an inflammatory response to STx. HeLa cells were transduced with adenoviral
constructs expressing wild-type MK2 (MK2-WT) or a catalytically inactive MK2 (MK2-
DN). Expression of these constructs was validated (Supplementary Fig. 7) and exhibited the
expected effects on STx1-induced MK2 activation (Fig. 4A). MK2-DN overexpression
significantly reduced mRNA levels of the inflammatory cytokines IL-6 and TNFα compared
to cells overexpressing MK2-WT, as assessed by quantitative PCR (qPCR; Figs. 6A-B).
This suggests that catalytically active MK2 is required for the STx1-induced expression of
the inflammatory markers IL-6 and TNFα.

To further confirm that MK2 inhibition reduced the cytokine response to STx1, HeLa cells
were pretreated with DMSO, an MK2 inhibitor, or a p38 inhibitor prior to a 6-h exposure to
STx1. Chemical inhibition of MK2 significantly reduced IL-6 and TNFα mRNA levels
(Figs. 6C-D), consistent with overexpression of catalytically inactive MK2 (Figs. 6A-B).
Similarly, chemical inhibition of p38, the kinase upstream of MK2, also significantly
reduced the levels of these general inflammatory cytokines (Figs. 6C-D). These results
collectively show that genetic and chemical inhibition of MK2 activity significantly reduces
the inflammatory response to STx1. Chemical inhibition of MK2 thus presents a unique
opportunity for targeting the immunopathological response to STx in vivo.

Discussion
In an effort to identify kinases involved in Shiga toxicity, we developed and adapted a
siRNA screen targeting the human kinome to identify kinases essential to STx-induced
cytotoxicity. Of the 646 kinases tested, six were identified as protective, with MK2
exhibiting the greatest protection. Compared to previous high-throughput screens aimed at
identifying small molecule inhibitors of microbial toxicity (Saenz et al., 2009; Saenz et al.,
2007; Hung et al., 2005; Carey et al., 2004), the siRNA approach represents an inherently
target-based approach that is not hampered by potential intracellular “off-target” effects of
small molecules.

While previous screens (Saenz et al., 2009; Saenz et al., 2007) focused on inhibitors of toxin
trafficking and monitored Shiga toxicity over a shorter time period (~ 4-6 h), the siRNA
screen relied on a 24-h exposure to STx due to the relatively long half-life of the Fluc
translational reporter (Supplementary Fig. 3). As a result, we would expect that, following a
longer exposure to STx, knock-down of kinases involved in STx transport as well as those
involved in STx-induced cell death would show up as protective. Indeed, knock-down of
MK2 exhibited strong protection against Shiga toxicity in our screen. A subsequent
assessment of cell viability by Alamar Blue staining revealed that wells transfected with
MK2 siRNA showed relatively higher cell viability (Supplementary Fig. 2), which may have
accounted for the protective effects observed. Knock-down of MK2 by siRNA resulted in
reduced levels of MK2 protein but did not correlate with reduced Hsp27 phosphorylation
following exposure to STx1 (not shown). Given the ability of the MK2 inhibitor to
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significantly reduce STx1-mediated Hsp27 phosphorylation, this discrepancy may be
explained by residual MK2 levels following siRNA-mediated knock-down that were able to
phosphorylate Hsp27. Indeed, a recent study concluded that signaling downstream of MK2
depends on the relative percent of MK2 phosphorylation and not on the absolute amount of
phospho-protein (Janes et al., 2008). siRNA-mediated knock-down of MK2 desensitized the
pathway of MK2 activation such that only very strong activation could lead to a productive
(and detectable) output from endogenous MK2. This may explain the ability of MK2 to
phosphorylate Hsp27, despite reduced MK2 levels, in the presence of STx. Chemical
inhibition of MK2 using PHA-781089 inhibits catalytic activity of endogenous MK2 and
likely desensitizes this pathway regardless of the level of STx activation.

The central role of the p38 MAPK in propagating various cellular stress responses (Ono and
Han, 2000) has made specific inhibition of p38-dependent signaling pathways particularly
difficult. MK2 thus appears as a tempting target, given that it functions downstream of p38
on a smaller set of substrates (Gaestel, 2006). More importantly, MK2 has been implicated
in the inflammatory response in a lipopolysaccharide (LPS) mouse model (Kotlyarov et al.,
1999): MK2-deficient mice showed decreased TNFα and IL-6 levels and increased survival
to LPS-induced shock. In an experimental asthma model, MK2 was found to be essential to
Th2-type inflammation through sustained NF-κB activation (Gorska et al., 2007). Most
recently, selective MK2 inhibitors have been developed for the treatment of rheumatoid
arthritis and other inflammatory conditions mediated by TNFα (Anderson et al., 2007). The
contribution of the inflammatory response in HUS remains debated, though several lines of
evidence would suggest that some of the systemic pathology, namely the development of
thrombotic lesions within the renal microvasculature, could be an immunopathological
phenomenon (Ramegowda and Tesh, 1996; Harel et al., 1993; Kaye et al., 1993). Our
studies suggest that catalytically active STx activates MK2 as a result of ribosomal damage,
implicating MK2 in the STx ribotoxic stress response.

Biochemical evidence suggests that MK2 contributes to the stability of IL-6 and TNFα
mRNA through the downstream phosphorylation of TTP in a process that involves AU-rich
elements (ARE) in the 3’ non-coding regions of these mRNAs (Sun et al., 2007; Stoecklin et
al., 2004; Neininger et al., 2002; Carballo et al., 2001; Mahtani et al., 2001):
phosphorylation of TTP by MK2 results in TTP sequestration and prevents TTP from
directing degradation of these mRNAs. In our studies, MK2 inhibition by genetic and
chemical means diminished the acute inflammatory response in STx-treated HeLa cells.
Overexpression of catalytically inactive MK2 significantly decreased the mRNA levels of
IL-6 and TNFα, and chemical inhibition of MK2 mirrored these effects.

Interestingly, HMVEC under the same tissue culture conditions did not exhibit the cytokine
response that was observed in HeLa cells, despite demonstrating STx-dependent activation
of the p38-MK2 pathway in vitro. Our studies utilized HMVEC of dermal origin, whose
sensitivity to STx is similar to that of Vero cells (Pijpers et al., 2001). Certain human
microvascular endothelial cell lines have been shown to mount a STx-dependent cytokine
response in vitro (Guessous et al., 2005; Stricklett et al., 2005), though these responses
appear to be cell origin-dependent (Obrig et al., 1993) and require pre-sensitization with
inflammatory cytokines. Nonetheless, the observed cytokine response in HeLa cells, though
relatively lower than the STx-induced cytokine response in macrophages, for example
(Ramegowda and Tesh, 1996), could be crucial to establishing a local inflammatory milieu
in vivo. In particular, decreased in vitro levels of the general inflammatory markers TNFα
and IL-6 in MK2-inhibited cells is consistent with decreased cytokine expression in MK2-
deficient mice (Kotlyarov et al., 1999) and could translate to decreased immunopathology
following exposure to STx. Inhibition of MK2 thus presents a viable therapeutic option in
mitigating the toxemic effects of STx-mediated disease.
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Experimental Procedures
Reagents and Antibodies

Shiga toxin 1 (STx1) and 2 (STx2) were kindly provided by Anne Kane (Tufts University)
and diluted to 0.5 mg/mL in PBS (pH 7.4). Aliquots were frozen at −80°C until further use.
Ricin, Pseudomonas exotoxin A, and diphtheria toxin were purchased from Sigma. The B
subunit of STx1 (STxB) was purified and fluorescently tagged as previously described
(Saenz et al., 2007). SB202190, SB203580, SP600125, anisomycin, puromycin,
cycloheximide, and DMSO were purchased from Sigma, p38 inhibitor III from Calbiochem,
and Golgicide A from ChemDiv. The MK2 inhibitor, PHA-781089, was obtained from
Pfizer through a Material Transfer Agreement. All chemical inhibitors were diluted to 10
mM in DMSO and stored at −20°C until further use. All antibodies used for Western
blotting were purchased from Cell Signaling Technology, Inc. Dulbecco's modified Eagle's
medium (DMEM), streptomycin, and penicillin were from Mediatech, and fetal bovine
serum (FBS) was from Hyclone. Protease inhibitor cocktail was from Roche.

Cell culture
HeLa cells were obtained from the Tissue Culture Support Center (Washington University)
and maintained at 37°C and 5% CO2 in DMEM supplemented with 10% FBS and 0.1%
penicillin/streptomycin. HeLa-Fluc cells were kindly provided by David Piwnica-Worms
(Washington University) and maintained in DMEM supplemented with 10% FBS, 0.1%
penicillin/streptomycin, and 1 mg/mL G418 (Washington University Tissue Culture Support
Center). Human dermal microvascular endothelial cells (HMVEC) were purchased from
Lonza and maintained in EGM-2MV medium (Lonza) at 37°C and 5% CO2. 293A cells
were purchased from Invitrogen and maintained at 37°C and 5% CO2 in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin.

siRNA kinome screen
The Human Kinase siRNA library set version 2.0 was provided by Qiagen. Fully annealed
duplex siRNAs were suspended in 1X annealing buffer (100 mM KOAc, 30 mM HEPES-
KOH, 2 mM MgOAc, pH 7.4) and 0.25 nmol of pooled siRNAs were stored at −80°C until
further use. HeLa-Fluc cells were seeded at 1 × 104 cells/well in thirty-six 96-well plates
(Costar) and grown overnight at 37°C and 5% CO2. The next day, each well was transfected
with a duplex of siRNAs (50 nM) targeting a specific kinase, and cells were subsequently
incubated for 48 h at 37°C. STx1 (1 ng/mL) was added for 24 h, and light levels were
determined using the PerkinElmer Envision XCite Multilabel Reader (1 min delay, 1 s
integration). Following luminescence readings, 10 μL of Alamar Blue (440 μM resazurin
sodium salt stock; Sigma) were added to each well, and plates were incubated for 2 h at
37°C. Alamar Blue levels were detected using the FluoStar OPTIMA spectrophotometer
(BMG Labtech).

Each plate contained a positive control and a series of negative controls, as well as a control
for transfection efficiency. Positive controls included siRNA against the delta isoform of
PKC (PKCδ siRNA, Dharmacon; Supplementary Fig. 1A), whose knock-down has been
shown to protect against Shiga toxicity (Torgersen et al., 2007), or pretreatment for 1 h with
GCA (10 μM), which has been equally shown to be protective against Shiga toxicity (Saenz
et al., 2009). Negative controls included cells containing media alone, transfection reagent
alone (DharmaFECT1, Dharmacon), negative control siRNA (Dharmacon), scrambled
siRNA (Qiagen), and GFP siRNA (Qiagen). Transfection efficiency was controlled for by
transfecting cells with siRNA targeting the luciferase reporter (GL3 siRNA; Dharmacon)
and ensuring >75% drop in light levels (Supplementary Fig. 1B). All controls were validated
prior to incorporating them in the screen (Supplementary Fig. 2). MK2 duplex siRNA
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sequences provided in the Qiagen library were as follows: 5’-
CGCCATCATCGATGACTACAA-3’ and 5’-CTACGAGCAGATCAAGATAAA-3’.

Western blotting
Following compound and toxin treatments, cells were lysed in lysis buffer (20 mM Tris-HCl
pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin, 1X protease
inhibitor cocktail) and resolved on a 4-15% Tris-HCl gel (Biorad) prior to transfer onto
PVDF membranes (Invitrogen). Membranes were probed with corresponding primary
antibodies (1:1000) and anti-rabbit alkaline phosphatase-conjugated secondary antibodies
(Invitrogen). Membranes were washed and developed using the Western Breeze kit protocol
(Invitrogen). For experiments comparing multiple phospho-proteins, membranes were
washed and reprobed with additional antibodies. Where indicated, equal fractions of lysates
from the same experiment were run on separate gels and probed with the corresponding
primary antibodies.

Overexpression of MK2-WT and MK2-DN
Recombinant wild-type MK2 (MK2-WT) and catalytically inactive MK2 (MK2-DN)
adenoviruses were purchased from Cell Biolabs, Inc. and amplified in 293A cells using the
manufacturer's protocol. The pAd-Luc adenoviral construct has been previously reported
and validated (Zhao and Haslam, 2005). Viral stocks were stored at −80°C until further use.
Confluent HeLa cells were transduced for 24 h prior to a 6-h expsoure to STx1 (10 ng/mL).
Lysates were probed by Western blotting with antibodies to MK2, phospho-Hsp27, and β-
actin. For cytokine mRNA measurements, HeLa cells were transduced for 24 h, exposed to
STx1 for 6h, and RNA was harvested using the RNeasy Mini Kit (Qiagen), according to the
manufacturer's protocol.

Quantitative PCR (qPCR)
For cells overexpressing MK2 adenoviral constructs, HeLa cells were transduced for 24 h,
exposed to STx1 for 6h, and RNA was harvested using the RNeasy Mini Kit. For
experiments involving chemical inhibition of MK2, HeLa cells were pretreated with DMSO,
PHA-781089, or SB202190 at the indicated concentrations for 1h at 37°C. Cells were then
left untreated or were exposed to STx1 (100 ng/mL) for 6 h. Cells were washed once with
cold PBS, and RNA was extracted using the RNeasy Mini Kit. cDNA was synthesized in
duplicate from 200 ng of each sample using commercially available primers for GAPDH,
IL-6, and TNFα (Applied Biosystems). For each qPCR run, the calculated threshold cycle
(Ct) was normalized to the threshold cycle of the GAPDH gene amplified from the
corresponding sample. The fold change was calculated using the 2−ΔΔCt method (Livak and
Schmittgen, 2001) and represents the fold change above adenovirally-transduced or
compound-treated cells lacking STx1 treatment.

Statistical analyses
Data were processed and analyzed using GraphPad Prism version 5.00 for Windows
(GraphPad software). Cytokine mRNA levels were compared using the two-tailed Student's
t-test (VassarStats, http://faculty.vassar.edu/lowry/tu.html) for three independent
experiments. Differences were considered significant for p<0.05 and highly significant for
p<0.01.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Knock-down of MK2 protects against Shiga toxicity. A siRNA screen of 646 human kinase
and kinase-associated genes was adapted to a 96-well format (see Experimental procedures).
Shown are two representative plates, run in duplicate (circles and squares), demonstrating
light levels of 80 different kinase siRNAs after a 24-h treatment with STx1 (1 ng/mL). Well
number represents each well of HeLa-Fluc cells transfected with 50 nM siRNA targeting a
specific kinase, and corresponding light levels are shown on the y-axis. Control wells have
been excluded (see Supplementary Fig. 2). A hit was considered any knock-down that
maintained luminescence at least 3 standard deviations above STx1-treated controls (dotted
line). Knock-down of MK2 (siRNA sequence provided in Experimental Procedures)
conferred the highest protection against Shiga toxicity. Mean and standard deviations for
each set of duplicate plates were determined by GraphPad Prism. MK2, mitogen-activated
protein kinase-activated protein kinase 2.
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Fig. 2.
STx1 specifically induces activation of the p38-MK2 pathway in both HeLa and HMVEC in
time- and dose-dependent manners.
A. HeLa cells (left) or HMVEC (right) were treated with no toxin or STx1 (10 ng/mL) for
the indicated times, and lysates were probed with the indicated antibodies. Activation of the
p38-MK2 pathway is observed by 60 min following exposure to STx1, while stimulation of
this pathway in HMVEC can be seen as early as 30 min.
B. HeLa cells (left) or HMVEC (right) were treated with either no toxin or increasing STx1
concentrations for 2 h. Lysates were probed as in (A). For both cell lines, as little as 0.1 ng/
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mL STx1 was able to activate the p38-MK2 pathway. For (A) and (B), actin staining served
as a loading control.
C. HeLa cells were pretreated with DMSO (0.5% v/v) or the p38 inhibitor SB202190 (10
μM) for 1 h prior to a 30-min exposure to STx1 (100 ng/mL). Equal fractions of lysates were
probed with the indicated antibodies, with MK2 serving as a loading control. Inhibition of
p38 eliminates STx1-induced MK2 activation. In addition, treatment with 100 ng/mL heat-
inactivated STx1 (HI-STx1) or the STxB subunit (100 ng/mL) did not activate MK2. Heat
inactivation of STx1 involved incubating the toxin for 12 h at 95°C.
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Fig. 3.
STx-induced MK2 activation is p38-specific. HeLa cells (left) or HMVEC (right) were
pretreated with the indicated compounds 30 min prior to a 2-h exposure to STx2 (10 ng/
mL). Lysates were probed with the indicated antibodies. Two distinct p38 inhibitors,
SB203580 (2.65 μM) and the p38 inhibitor III (0.5 μM), prevented STx2-mediated Hsp27
phosphorylation, while the JNK inhibitor SP600125 (25 μM) showed no effect, similar to
STx2-treated cells treated lacking compound treatment (“STx2 alone”). “No toxin” refers to
cells lacking compound and toxin treatment. β-actin staining served as a loading control.
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Fig. 4.
STx activation of the p38-MK2 pathway is dependent on MK2 activity.
A. Overexpression of catalytically inactive MK2 (MK2-DN) eliminates STx1-induced
Hsp27 phosphorylation. HeLa cells were transduced with adenoviral constructs expressing
luciferase (pAd-Luc), wild-type MK2 (MK2-WT), or catalytically inactive MK2 (MK2-DN;
see Methods). Cells were then exposed to STx1 (10 ng/mL) for 6 h, and equal fractions of
lysates were probed with the indicated antibodies.
B. HMVEC were pretreated with DMSO (0.5% v/v; top) or the MK2 inhibitor PHA-781089
(20 μM; bottom) for 1 h prior to exposure to STx2 (1 ng/mL) for the indicated times.
Lysates were probed with the indicated antibodies. Chemical inhibition of MK2 prevents
STx-induced Hsp27 phosphorylation. HI-STx2, heat-inactivated STx2 (1 ng/mL). For (A)
and (B), actin staining served as a loading control.
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Fig. 5.
Activation of the p38-MK2 pathway by STx depends on toxin adherence and intracellular
trafficking and appears to be part of a ribotoxic stress response.
A. HMVEC were pretreated with DMSO (0.5% v/v), GCA (10 μM), or P1 glycoprotein (1
μg/mL) for 30 min prior to exposure to STx1 (10 ng/mL) or media alone (“No Toxin”).
Cells were allowed to internalize toxin for 2 h at 37°C prior to lysis and probing with the
indicated antibodies. Pretreatment with the P1 glycoprotein inhibited STx1-mediated
phosphorylation of p38 and Hsp27, and GCA treatment similarly blocked activation of the
p38-MK2 pathway compared to DMSO-treated cells (“Toxin alone”). Pretreatment with
GCA, however, had no effect on activation of this pathway following a 2-h exposure to
anisomycin (10 ng/mL).
B. HMVEC were exposed to various translational inhibitors for 2 h, and the phosphorylation
status of p38 and Hsp27 was assessed by Western blotting. Only inhibitors that are known to
cause direct damage to the ribosome (STx1, STx2, and ricin) induced p38 and Hsp27
phosphorylation, while translational inhibitors acting through different mechanisms (DT,
PE, Puro, CHX) showed little to no activation. “None” refers to cells lacking compound and
toxin treatment. STx1, Shiga toxin 1 (10 ng/mL); STx2, Shiga toxin 2 (10 ng/mL); GCA,
Golgicide A; DT, diphtheria toxin (1 μg/mL); PE, Pseudomonas exotoxin A (1 μg/mL);
Puro, puromycin (10 μg/mL); CHX, cycloheximide (100 μg/mL). For both (A) and (B),
actin staining served as a loading control.
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Fig. 6.
MK2 inhibition reduces the STx1-induced inflammatory response.
A. HeLa cells were transduced with a control adenoviral construct (pAd-Luc; black bars), a
construct expressing wild-type MK2 (MK2-WT; gray bars), or a construct expressing a
catalytically inactive MK2 (MK2-DN; white bars) for 24 h prior to treating with STx1 (10
ng/mL) for 6 h. The levels of IL-6 and TNFα mRNA were determined by qPCR and are
expressed as a fold change above mRNA levels in transduced cells lacking STx1 (see
Experimental Procedures). Data points represent duplicate data from three independent
experiments (mean ±S.D.). Sample means were compared using a two-tailed Student's t-test
for independent samples.
B. HeLa cells were pretreated with DMSO (0.5% v/v; black bars), the MK2 inhibitor
PHA-781089 (20 μM; gray bars), or the p38 inhibitor SB202190 (10 μM; white bars) for 1 h
prior to a 6-h exposure to STx1 (100 ng/mL). The levels of IL-6 and TNFα mRNA were
determined by qPCR and are expressed as a fold change above mRNA levels in compound-
treated cells in the absence of STx1. Data points represent duplicate data from three
independent experiments (mean ±S.D.). Sample means were compared as in (A). n.s.
denotes no significant change, * significant change (p<0.05), ** highly significant change
(p<0.01).
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