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Extracellular localization of catalase is associated with the transformed state of malignant cells

Britta Böhm, Sonja Heinzelmann, Manfred Motz and Georg Bauer

Supplementary Material
I. Intercellular ROS-mediated apoptosis signaling of malignant cells 
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Supplementary Figure 1. Intercellular apoptosis-inducing ROS signaling
A. Transformed cells. The figure shows the membrane of a transformed cell with the intracellular space on the left side, the extracellular space on the right side. Transformed cells are defined as malignant cells that have the potential to form tumors but have not yet been confronted with the natural antitumor mechanisms of an organism. Transformed cells are characterized by expression of NOX1 that generates extracellular superoxide anions (#1). These dismutate and form H2O2 (#2) which is used by the peroxidase domain of DUOX (POD) as substrate for the generation of HOCl (#3). HOCl interacts with superoxide anions, leading to the generation of hydroxyl radicals (#4) that induce lipid peroxidation (#5) and subsequent apoptosis induction through the mitochondrial pathway of apoptosis. In the presence of an high excess of H2O2 compared to POD, a consumption reaction between H2O2 and HOCl (#6) blunts HOCl signaling. The level of arginine is controlled by arginase (#7). NO synthase (NOS) utilizes arginine as substrate for the synthesis of NO (#8). A substantial part of NO may be converted into nitrate by NO dioxygenase (#9), which is connected to the activity of cytochrome P 450 oxidoreductase (POR). NO passes the cell membrane (#10) and reacts with superoxide anions, resulting in the formation of peroxynitrite (ONOO−) (#11). Protonation of peroxynitrite leads to the formation of peroxynitrous acid (#12) which spontaneously decomposes into NO2 and hydroxyl radicals (#13). Hydroxyl radicals induce lipid peroxidation and the mitochondrial pathway of apoptosis (# 14)..

B. Tumor cells (defined as malignant cells derived from a bona fide tumor) are protected against intercellular apoptosis-inducing ROS signaling through expression of membrane-associated catalase. Tumor progression causes the selection of a phenotype that is characterized by the expression of membrane-associated catalase (Bechtel and Bauer, 2009; Heinzelmann and Bauer, 2010). Membrane-associated catalase protects the tumor cells against ROS signaling by the HOCl pathway (#1 - #5) and the NO/peroxynitrite pathway (#6 - #12) through decomposition of H2O2 (#13), oxidation of NO (#14) and decomposition of peroxynitrite (#15). Decomposition of H2O2 and peroxynitrite by catalase are two step reactions with compound I (CATFeIV=O.+) as intermediate. NO is oxidated to NO2 by compound I. 
Supplementary Figure 1 presents the details of the HOCl and the NO/peroxynitrite signaling pathway in transformed cells (A) and the protection of tumor cells against intercellular ROS signaling through expression of membrane-associated catalase (B). (Herdener et al., 2000; Heigold et al. 2001, Heinzelmann and Bauer, 2010; Bauer, 2012, 2014). The signaling pathways have been elucidated through inhibitor experiments as outlined in Supplementary Figure 2. Inhibition of catalase or prevention of its expression by siRNA allows reactivation of intercellular ROS-dependent apoptosis signaling, as shown in Supplementary Figures 3 - 5.
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Supplementary Figure 2: Intercellular ROS-mediated apoptosis signaling and its characterization by inhibitors.
When tumor cell catalase is inhibited or its expression is prevented by siRNA, signaling through the HOCl pathway (#1-#5) or through the NO/peroxynitrite pathway (#7-13) causes lipid peroxidation and apoptosis induction through the mitochondrial pathway (for review see Bauer, 2012). Likewise, cells transformed in vitro show intercellular ROS signaling as the concentration of their membrane-associated catalase (characterized in this study) is not sufficiently high to inhibit intercellular signaling. This figure also shows the consumption reaction (#6) that causes a decrease in HOCl when H2O2 is present in excess. The two signaling pathways have been characterized by specific inhibitors. AEBSF inhibits superoxide anion generation by NOX1 and SOD scavenges superoxide anions and generates H2O2. Mannitol scavenges hydroxyl radicals. As superoxide anions and hydroxyl radicals are involved in the HOCl and the NO/peroxynitrite pathway, AEBSF, SOD and mannitol block both pathways. The HOCl pathway can be selectively inhibited by the peroxidase inhibitor 4-aminobenzoyl hydrazide (ABH) and by the HOCl scavenger taurine. The NO/peroxynitrite pathway can be selectively inhibited by the NOS inhibitor L-NAME and by the peroxynitrite decomposition catalyst FeTPPS. We recommend the use of MnSOD rather than Cu/ZnSOD for inhibitory studies, as MnSOD inhibits over a broad range of concentration, whereas Cu/ZnSOD is characterized by a bell-shaped optimum curve of inhibition (Bauer et al., 2014).
As recently described (Heinzelmann and Bauer, 2010) and shown for MKN-45 cells in this study (Figure 4), gradual inhibition of tumor cell protective catalase first reactivates NO/peroxynitrite signaling which is followed by HOCl signaling when the inhibition of catalase is increased further. This pattern has been shown for many tumor cell lines, however, some neuroblastoma and Ewing sarcoma cell lines showed NO/peroxynitrite signaling exclusively at all concentrations of the catalase inhibitor (Heinzelmann and Bauer, 2010). 
Supplementary Figures 3 and 4 confirm that inhibition of tumor cell protective catalase by a low concentration of neutralizing antibodies (Suppl. Fig. 3) or 3-AT (Suppl. Fig. 4) causes sole reactivation of the NO/peroxynitrite pathway, whereas higher concentrations of neutralizing antibodies or 3-AT caused apoptosis induction that was dominated by the HOCl pathway. These two figures also demonstrate that elucidation of individual signaling pathway requires to determine the crucial role of all molecular species involved in the respective pathways through inhibition of apoptosis induction by specific inhibitors and scavengers. Thus the combination of a strict requirement for superoxide anions, NO, peroxynitrite and hydroxyl radicals as shown for 8 ng/ml antibody to catalase in Supplementary Figure 3 or 6 mM 3-AT in Supplementary Figure 4 allows to define NO/peroxynitrite signaling (.NO + O2.− → ONOO− ; ONOO− + H+ → ONOOH; ONOOH → .OH + .NO2), whereas the combination of a strict requirement for superoxide anions, H2O2, peroxidase, HOCl and hydroxyl radials as shown for 128 ng/ml of anti-catalase or 75 mM 3-AT in the same figures, points to the action of the HOCl signaling pathway (2 O2.− + 2 H+ → H2O2 + O2;  H2O2 + PODFeIII →  PODFeIV=O.+;  PODFeIV=O.+ + H+ + Cl−   →  PODFeIII +  HOCl; HOCl + O2.− → .OH + Cl− + O2). . The significance of these findings has been further substantiated through reconstitution experiments in which defined elements of the respective signaling pathways (like HOCl or peroxynitrite) have been added to nonmalignant and malignant cells and the resultant biological effects were characterized (Heigold et al., 2002; Engelmann et al., 2000; Bauer, 2013). After elucidation of the complete signaling pathway by addressing all molecular partners, discriminating inhibitors like ABH or taurine for HOCl signaling and L-NAME and FeTPPS for NO/peroxynitrite signaling can be used to study the modulation of these pathways, as shown in Supplementary Figure 6. 

Supplementary Figure 5 demonstrates that optimal inhibition of catalase by 3-AT and optimal siRNA-mediated knockdown of catalase lead to the same effect in MKN-45 tumor cells, i. e. the reactivation of the HOCl signaling pathway, as can be deduced from the inhibition profile. 
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Supplementary Figure 3: Efficiency and quality of intercellular ROS signaling after inhibition of membrane-associated catalase of human tumor cells with low and high concentrations of neutralizing antibody directed towards human catalase. 
12 500 MKN-45 cells / 100 µl complete medium were treated with the indicated concentrations of neutralizing antibody directed towards human catalase (“aCAT”) or with 128 ng/ml control IgG directed against laminin (“no aCAT”) in the absence of inhibitors (“control”) or in the presence of 100 µM of the NOX1 inhibitor AEBSF, 60 U/ml of the superoxide anion scavenger MnSOD, 2.4 mM of the NOS inhibitor L-NAME, 25 µM of the peroxynitrite decomposition catalyst FeTPPS, 10 mM of the hydroxyl radical scavenger mannitol, 2 µM of the catalase mimetic EUK-134, 150 µM of the mechanism-based peroxidase inhibitor 4-aminobenzoyl hydrazide (ABH), 50 mM of the HOCl scavenger taurine (“TAU”), 25 µM of caspase-8 inhibitor, 25 µM of caspase-9 inhibitor or 50 µM of caspase-3 inhibitor. After 3 hs at 37°C, the percentages of apoptotic cells were determined in duplicate assays. The inhibitors have been grouped to allow easy differentiation between NO/peroxynitrite (NO/PON) and HOCl signaling and to recognize the role of defined caspases. Statistical analysis: Inhibition of apoptosis induction by 8 ng/ml aCAT by inhibitors of NO/peroxynitrite signaling, inhibition of apoptosis induction by 128 ng/ml aCAT by inhibitors of the HOCl signaling pathway and inhibition by of apoptosis induction by both concentrations of aCAT by caspase-9 inhibitor and caspase-3 inhibitor were highly significant (p<0.001).
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Supplementary Figure 4: Efficiency and quality of intercellular ROS signaling after inhibition of membrane-associated catalase of human tumor cells with suboptimal and optimal concentrations of the catalase inhibitor 3-aminotriazole (3-AT). 

12 500 MKN-45 cells / 100 µl complete medium were treated with the indicated concentrations of 3-AT in the absence of inhibitors (“control”) or in the presence of 100 µM of the NOX1 inhibitor AEBSF, 60 U/ml of the superoxide anion scavenger MnSOD, 2.4 mM of the NOS inhibitor L-NAME, 25 µM of the peroxynitrite decomposition catalyst FeTPPS, 10 mM of the hydroxyl radical scavenger mannitol, 2 µM of the catalase mimetic EUK-134, 150 µM of the mechanism-based peroxidase inhibitor 4-aminobenzoyl hydrazide (ABH), 50 mM of the HOCl scavenger taurine (“TAU”), 25 µM of caspase-8 inhibitor, 25 µM of caspase-9 inhibitor or 50 µM of caspase-3 inhibitor. After 4 hs at 37°C, the percentages of apoptotic cells were determined in duplicate assays. The inhibitors have been grouped to allow easy differentiation between NO/peroxynitrite (NO/PON) and HOCl signaling and to recognize the role of defined caspases. Statistical analysis: Inhibition of apoptosis induction 6 mM 3-AT by inhibitors of NO/peroxynitrite signaling, inhibition of apoptosis induction by 75 mM 3-AT by inhibitors of the HOCl signaling pathway and inhibition by of apoptosis induction by both concentrations of 3-AT by caspase-9 inhibitor and caspase-3 inhibitor were highly significant (p<0.001).
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Supplementary Figure 5: Inhibition of tumor cell catalase by 3-AT and siRNA-dependent functional knockdown of catalase cause analogous intercellular ROS-mediated apoptosis signaling.
MKN-45 cells were transfected with 12 nM siRNA directed against human catalase (siCAT) or with 12 nM control siRNA (siCo). After 24 hs, the cells were washed and seeded at a density of 12 500 cells/100 µl complete medium. SiCAT-transfected cells and siCo-transfected cells in the absence or presence of 150 mM 3-AT were cultivated in the absence of inhibitors (“control”) or in the presence of 60 U/ml of the superoxide anion scavenger MnSOD, 100 µM of the NOX1 inhibitor AEBSF, 2 µM of the catalase mimetic EUK-134, 150 µM of the mechanism-based peroxidase inhibitor 4-aminobenzoyl hydrazide (ABH), 50 mM of the HOCl scavenger taurine (“TAU”) or 10 mM of the hydroxyl radical scavenger mannitol (“MANN”). After 5 hs at 37°C, the percentages of apoptotic cells were determined in duplicate assays. Statistical analysis: Induction of apoptosis induction by 150 mM 3-AT and 12 nM siCAT, as well as inhibition of apoptosis induced by both treatments through inhibitors of the HOCl signaling pathway was highly significant (p < 0.001).
II. Significance of the results obtained with the HOCl scavenger taurine.
Taurine has been shown to react with HOCl at neutral pH with a reaction constant of 4.8 ± 0.1 x 105 M-1 s-1 (Folkes et al., 1995) and therefore represents a suitable scavenger of HOCl. Taurine has been utilized to demonstrate the generation of HOCl in the phagosomes of neutrophils through the interaction between MPO, H2O2 and halide (Weiss et al., 1982) and for the elucidation of the HOCl signaling pathway of malignant cells (Herdener et al., 2000; Engelmann et al., 2000; for review see Bauer 2012). It has also been shown that taurine can efficiently prevent apoptosis induction through exogenous addition of pure HOCl (Engelmann et al., 2000; Bauer, 2013). 

However, as taurine is also known to interfere with caspase-9 expression (Taranukin et al., 2008) and with the formation of the apoptosome and procaspase-9 cleavage (Takatani et al., 2004 a, b), we addressed the question whether the inhibitory effect of taurine in our test system might be partially or completely be determined by these taurine-mediated effects that are distinct from its HOCl-scavenging potential.     
As shown in Figure 4 and Supplementary Figures 3 and 4, inhibition of HOCl-mediated apoptosis induction by taurine strictly correlated with inhibition by the peroxidase inhibitor ABH and the catalase mimetic EUK-134. Under conditions of NO/peroxynitrite signaling, where ABH and EUK-134 were not inhibitory, taurine was also not inhibitory. This finding shows that taurine has no general antiapoptotic potential in the cells and under the conditions used in our assays. Its inhibitory effect rather correlated with conditions where the peroxidase substrate H2O2 and peroxidase activity are required. This is in line with the concept that taurine scavenges the peroxidase product HOCl. The potential for efficient scavenging of HOCl by taurine has been experimentally confirmed (Bauer, 2013). For further evaluation, the cell density of MKN-45 cells and the concentration of H2O2 were modulated (Supplementary Figure 6). MKN-45 cells at standard cell density (125 000 cells/ml) (Supplementary Figure 6 A) showed strong inhibition by L-NAME and no inhibition by taurine up to 25 mM 3-AT, indicative of sole NO/peroxynitrite signaling in this concentration range of 3-AT. At concentrations of 3-AT higher than 25 mM, taurine caused a strong inhibitory effect, whereas the inhibitory effect of L-NAME decreased. This is indicative of dominant HOCl signaling and residual contribution of NO/peroxynitrite signaling, in line with recently published work (Heinzelmann and Bauer, 2010). When the cell density was doubled (Supplementary Figure 6 B, C), apoptosis induction up to 100 mM 3-AT was completely inhibited by taurine, indicative of strong HOCl signaling due to the increase in available H2O2 at higher cell density. NO/peroxynitrite signaling seemed to be largely suppressed under these conditions which is explained by the strong antagonistic interference between NO and H2O2 (Heinzelmann and Bauer, 2010). At concentrations of 3-AT higher than 100 mM, the cells died from a direct H2O2-dependent effect that was neither inhibited by taurine nor L-NAME. When cells at high density were treated with low concentrations of the catalase mimetic EUK-134 (0.5 µM) (Supplementary Figure 6 D) and thus excess H2O2 was removed, inhibition by taurine was restricted to higher concentrations of 3-AT (where HOCl synthesis was to be expected due to stronger inhibition of catalase). In the presence of 0.5µM EUK-134 NO/peroxynitrite signaling resumed at lower concentrations of 3-AT. No inhibition by taurine was seen in the concentration range defined by inhibition through L-NAME. 
When the concentration of EUK-134 was further increased up to 2 µM (Supplementary Figure 6 E), apoptosis induction up to 75 mM 3-AT seemed to be dependent on NO/peroxynitrite signaling and there was no inhibition by taurine at all. 

This finding is in agreement with a strong reduction of H2O2 by the catalase mimetic to a concentration that is too low to foster peroxidase-dependent HOCl synthesis and to antagonize with NO/peroxynitrite signaling. The result is dominant NO/peroxynitrite signaling within a white range of 3-AT. As NO/peroxynitrite signaling is dependent on the activity of caspase-9 (as shown in Suppementary Figures 3 and 4), 

the lack of inhibition of NO/peroxynitrite signaling by taurine demonstrated in Supplementary Figures 6 D and 6 E excludes that the inhibitory effect of taurine seen in Supplementary Figures 6 A-6D is due to an inhibitory effect of taurine on caspase-9 rather than directly on HOCl. Otherwise, caspase-9-dependent NO/peroxynitrite signaling should have been inhibited by taurine as efficiently as HOCl signaling, as both are dependent on caspase-9 activity. This is, however, not the case. 
The strict correlation of inhibition by taurine with conditions of sufficient availability of the peroxidase substrate H2O2 and with peroxidase activity, as well as the lack of inhibition of caspase-9-dependent NO/peroxynitrite signaling by taurine demonstrate therefore are best explained by scavenging of HOCl by taurine and exclude taurine-dependent effects on (pro)caspase-9 as cause for the effects measured in our test system. 
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Supplementary Figure 6: The effect of cell density on taurine-inhibitable HOCl signaling.
MKN-45 cells were seeded at the indicated densities and treated with increasing concentrations of 3-AT in the absence or presence of 50 mM taurine or 2.4 mM L-NAME. The percentages of apoptotic cells were determined after 5 hs in duplicate assays.  
Statistical analysis: Apoptosis induction by 3-AT was highly significant (p<0.001) except for 150 and 200 mM 3-AT in A and 100 mM 3-AT in C. Inhibition of 3-AT-mediated apoptosis induction by taurine in the concentration range of 50-100 mM 3-AT (A), 12.5-100 mM 3-AT (B), 12.5-75 mM 3-AT (C), 50-100 mM 3-AT (D) was highly significant (p<0.001), whereas there was no significant inhibition by taurine in the concentration range of 12.5 -25 mM 3-AT (A), 12.5-25 mM 3-AT (D) and 12.5-75 mM 3-AT (E).
III. The nature of the HOCl-generating enzyme that is effective during ROS-mediated apoptosis induction.

Until recently, myeloperoxidase, eosinophilic peroxidase and lactoperoxidase were regarded as the only enzymes with the potential to utilize H2O2 and chloride as substrates for the synthesis of HOCl. As these enzymes are restricted to very few highly specialized types of cells, they were no promising candidates to explain HOCl synthesis during intercellular ROS signaling, which occurs regularly in a wide range of cells (Herdener et al., 2000; Bauer, 2012). Therefore, the nature of the HOCl-synthesizing enzyme in our system remained enigmatic, initially. The findings a) that DUOX in the gut of Drosophila generates HOCl that might be involved in antimicrobial defence (Chen et al., 2011), b) that VPO1, a heme peroxidase related to the peroxidase domain of DUOX (Cheng et al., 2008) has the potential to generate HOCl (Bai et al., 2011) and c) that DUOX shares substantial homology with MPO (Edens et al., 2001) prompted us to test whether the HOCl-synthesizing peroxidase in our cell systems might be related to human DUOX1. This idea was especially intriguing, as DUOX is located in the cell membrane and has a distinct peroxidase domain that reaches into the extracellular space (Edens et al., 2001). As shown in Supplementary Figure 7 A, siRNA-mediated knockdown of catalase sensitized human MKN-45 cells for apoptosis induction. As demonstrated in Supplementary Figure 5, this apoptosis induction was due to signaling through the HOCl pathway that involves the activity of peroxidase. The effect of siRNA-mediated knockdown was completely compensated by addition of exogenous catalase, indicating that catalase is sufficient to explain inhibition of ROS signaling (Supplementary Figure 7 C). Addition of exogenous MPO to siCAT-treated cells did not enhance apoptosis induction, indicating that peroxidase was not limiting in the system (Supplementary Figure 7 A). As expected, decomposition of H2O2 by catalase and siRNA-mediated knockdown of superoxide anion-generating NOX1 caused strong inhibition of siCAT-mediated apoptosis induction. Importantly, siRNA-mediated knockdown of DUOX1 also caused strong inhibition of siCAT-mediated apoptosis induction. This inhibition was abrogated when siRNA-mediated knockdown of DUOX1 was compensated by addition of MPO. This finding indicates that DUOX1 and MPO exhibit analogous activities, which was further substantiated by inhibitor experiments. It also shows that the NOX domain of DUOX is dispensable for apoptosis induction as long as NOX1 is functional. A direct measurement of peroxidase released from MKN-45 cells showed that treatment with the matrix metalloprotein inhibitor galardin as well as knockdown of DUOX1 abrogated the release of peroxidase from MKN-45 cells to a residual level of 2% and 12 % respectively, in line with the concept that the peroxidase domain of 
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Supplementary Figure 7: Intercellular ROS signaling through the interplay between NADPH oxidase (NOX1) and peroxidase (DUOX1) is controlled by catalase.
A. MKN-45 cells were transfected with 12 nM of either control siRNA (siCo), siRNA directed against human catalase (siCAT), siCAT plus siRNA directed NOX1 (siCAT/siNOX1) and siCAT plus siRNA directed against DUOX1 (siCAT/siDUOX1). After 24 hs, the cells were washed and suspended at a density of 12 500 cells / 100 µl. Where indicated, cells received 200 mU/ml myeloperoxidase (MPO), 30 U/ml catalase, MPO plus 100 U/ml MnSOD, MPO plus 150 µM ABH, MPO plus 50 mM taurine or MPO plus 10 mM mannitol. The percentages of apoptotic cells were determined after 5 hs in duplicate assays. 
B. Quantitation of the release of DUOX1-coded peroxidase. 

MKN-45 cells were transfected with 12 nM control siRNA (siCo) or siRNA directed against DUOX1 (siDUOX1). After 24 hs, the cells were washed and seeded at a density of 200 000 cells/ml and supplemented with 20 ng/ml TGF-beta1. SiCo-transfected cells in parallel assays received 10 µM of the metalloprotease inhibitor galardin. Supernatants were collected after 12 hs and tested for peroxidase activity in a recently described competition assay (Bauer, 2011). MPO was used as internal standard to allow quantitation of peroxidase activity. The test is based on HOCl synthesis by 75 mM of EUK-8 and subsequent HOCl-mediated apoptosis induction in 208Fsrc3 cells. EUK-8 has a much higher affinity for H2O2 than MPO or DUOX1-coded peroxidase. Therefore, MPO and DUOX1-coded peroxidase, in the presence of excess EUK-8 have no chance to use H2O2 as substrate for own HOCl synthesis, but rather exhibit the reverse reaction, i. e. decomposition of HOCl which is reflected as a decline in HOCl-mediated apoptosis induction dependent on the concentration of peroxidase. Parallel controls ensured that the effect of the peroxidases was inhibited by 150 µM ABH, to ensure that the reverse reaction of peroxidase and not a catalase-analogous reaction was responsible for the effects measured.
C. Functional knockdown of catalase is specifically counteracted by purified catalase
MKN-45 cells transfected with 12 nM siCo or siCAT for 24 hs were washed and resuspended at a density of 12 500 cells/100 µl in the presence of the indicated concentrations of purified human catalase. The percentages of apoptotic cells were determined after 5 hs in duplicate assays.

Statistical analysis: Apoptosis induction by siCAT treatment as well as inhibition of siCAT-mediated apoptosis induction by catalase, siNOX1 and siDUOX1 were highly significant (p<0.001).  Abrogation of the effect of siDUOX1 by addition of MPO, as well inhibition of the  MPO-dependent effect by SOD, ABH, taurine and mannitol was highly significant (p<0.001). 
DUOX1 (or a protein strongly related to DUOX1) is released from the cells through the action of proteases (Supplementary Figure 7 B). This finding is in line with the original data on transmission of peroxidase between separated cell populations (Herdener et al., 2000). 
IV. Downmodulation of catalase activity of tumor cells through pretreatment in the presence of the NADPH oxidase inhibitor AEBSF
Downmodulation of catalase activity through pretreatment with AEBSF, catalase or the catalase mimetic EUK-134 is shown in Figure 5. For a more stringent control that indeed catalase activity was monitored, downmodulation of catalase activity by AEBSF was studied in the absence and presence of neutralizing antibodies directed towards human catalase. As shown in Supplementary Figure 8 A, the activities measured were due to catalase activity as they were inhibited by specific antibody and remained unaffected by control antibodies. Supplementary Figure 8 B extends the finding from Figure 5 by showing that pretreatment with TGF-beta increased the sensitivity of tumor cells. This is in line with our recent finding that TGF-beta enhances NOX1 activity (Temme and Bauer,2013), resulting in an increase in superoxide anions and their dismutation product H2O2.
The effect of pretreatment of tumor cells with AEBSF and the reversibility of this effect, as shown in Figure 5 was repeated with peroxynitrite as a challenge for detection of catalase activity. This approach allowed to focus exclusively on membrane-associated catalase on the outside of the tumor cells, as intracellular catalase has no chance to decompose exogenous peroxynitrite before it attacks the cell through lipid peroxidation. Supplementary Figure 9 demonstrates that the effects measured in Figure 5 can be more or less attributed to extracellular, membrane-associated catalase. 
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Supplementary Figure 8: Quantitation of catalase activity of human MKN-45 tumor cells after pretreatment with AEBSF or TGF-beta1.
200 000 MKN-45 cells / ml were pretreated for 13. 5 hs without further addition (control) or in the presence of 100 µM AEBSF (A) or 20 ng/ml TGF-beta1 (B). After pretreatment, the cells were centrifuged and washed in three cycles with fresh medium without further additions. Cells were then seeded at a density of 5000 cells / 100 µl and either 0.2 µg/ml neutralizing monoclonal antibody directed against human catalase (“+ antiCAT”) or 0.2 µg/ml control antibody (all other assays) were added. After 15 minutes incubation at 37 °C, the cells were challenged with the indicated concentrations of GOX and apoptosis was determined after 2 hs in duplicate assays. Statistical analysis: The shift of curves obtained after AEBSF and TGF-beta1 pretreatment were highly signficant (p<0.001). The effect of anti-CAT on control cells and TGF-beta-treated cells was highly significant (p<0.001), whereas there was no significant shift due to anti-CAT treatment of AEBSF-pretreated cells. 
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Supplementary Figure 9: Reversibility of the downmodulation of extracellular catalase of tumor cells.
MKN-45 cells (200 000/ml) were pretreated with 100 µM AEBSF (“AEBSF”) or without AEBSF (“control”) for 13.5 or 20.5 hs at 37 °C. In addition, cells pretreated with AEBSF for 13.5 hs were centrifuged, washed in three cycles and incubated in the absence of AEBSF for 3.5 or 7.5 hs (“AEBSF 13.5 h/W/3.5 h”, “AEBSF 13.5 h/W/7 h”). The cells were centrifuged, washed in three cycles and reseeded at a density of 5000 cells/100 µl. Peroxynitrite (PON) was added at the indicated concentrations and apoptosis induction was monitored after 1.5 hs. Statistical analysis: The effects of AEBSF pretreatment as well as of removing AEBSF from pretreated cells and cultivating the cells in its absence are highly significant (p<0.001).

IV. SiRNA-mediated knockdown of catalase activity of tumor cells 

Supplementary Figures 10 and 11 present the original data that have been used to quantify residual catalase activity after siRNA-mediated knockdown. The use of specific antibodies directed catalase and control antibodies, in combination with GOX or peroxynitrite as challenge for the detection catalase activity ensured that a) solely catalase activity was monitored and that b) the focus was on extracellular catalase of tumor cells. 
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Supplementary Figure 10: Quantitation of siRNA-mediated functional knockdown of catalase.
300 000 MKN-45 cells/ml were transfected with the indicated concentrations of siRNA directed against human catalase (siCAT) supplemented with control siRNA (siCo) (not directed against a target) to reach a final total concentration of siRNA of 24 nM. After 21 h, the cells were centrifuged, washed with fresh medium and reseeded at a density of 5000 cells / 100 µl. Control IgG (monoclonal antibody directed towards laminin) (A) or neutralizing monoclonal antibody directed against human catatalase (B) were added at a concentration of 0.2 µg/ml. After 15 minutes at 37 °C, the cells were challenged with increasing concentrations of H2O2-generating GOX and apoptosis induction was monitored after 2 hs in duplicate assays. Statistical analysis: The functional knockdown of catalase, demonstrated as shift of the respective curves was highly significant (p<0.001). The effect of anti-CAT on control cells and cells transfected with 0.9 nM siCAT was highly significant (p<0.001). 
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Supplementary Figure 11: Quantitation of siRNA-mediated functional knockdown of catalase.

300 000 MKN-45 cells/ml were transfected with the indicated concentrations of siRNA directed against human catalase (siCAT) supplemented with control siRNA (siCo) (not directed against a target) to reach a final total concentration of siRNA of 24 nM. After 21 h, the cells were centrifuged, washed with fresh medium and reseeded at a density of 5000 cells / 100 µl. Control IgG (monoclonal antibody directed towards laminin) (A) or neutralizing monoclonal antibody directed against human catatalase (B) were added at a concentration of 0.2 µg/ml. After 15 minutes at 37 °C, the cells were challenged with increasing concentrations of peroxynitrite (PON) and apoptosis induction was monitored after 2 hs in duplicate assays. Statistical analysis: The functional knockdown of catalase, demonstrated as shift of the respective curves was highly significant (p<0.001). The effect of anti-CAT on control cells and cells transfected with 2.6 nM siCAT was highly significant (p<0.001). 
Please note that the effect of specific siRNA directed against catalase is analogous to the specific inhibitory effect of the monoclonal catalase-neutralizing antibody. The stronger sensitizing effect of 8 and 24 nM siRNA compared to antibodies in Supplementary Figure 10 is explained by knockdown of intracellular catalase activity that cannot be reached by the membrane-impermeable antibody. As H2O2 passes the membrane through aquaporines, the intracellular catalase activity contributes to the defence against the apoptosis-inducing effect of GOX-derived H2O2. In line with our conclusions presented in the main part of the manuscript, intracellular catalase activity cannot contribute to the protection against extracellular peroxynitrite. Therefore, in Supplementary Figure 11, the effect of siRNA-mediated knockdown of catalase can be completely mimicked by neutralizing antibody, but it cannot exceed the effect of the antibody. This finding demonstrates explicitely that siRNA targets membrane-associated catalase activity solely and as efficient as neutralizing monoclonal antibody. Therefore, the siRNA-based approach in our study is proven to be significant and valid. 
Whereas catalase activity was efficiently knocked down by siRNA treatment after 21 h, the concentration of immunoreactive catalase protein seemed not to be affected by siRNA after 2 days, but showed a distinct decrease at day 4 (Supplementary Figure 12). As catalase activity i) was defined in our study by protection against apoptosis-inducing potential of its substrates H2O2 and peroxynitrite, ii) as this protective effect was dependent on the concentration of catalase and of the substrates, iii) as the specificity of the catalase activity was ensured through specific inhibition by neutralizing monoclonal antibody directed towards catalase, and iv) as the demonstration of immunreactive catalase protein in western blots was performed by the same antibody that neutralized the activity, the discrepancy between the 
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Supplementary Figure 12: Analysis of MKN-45 tumor cells treated with siRNA against catalase by Western blot. 
300 000 MKN-45 cells/ml were transfected with either 48 nM control siRNA (siCo) or siRNA directed against human catalase (siCAT) as described under Materials and Methods and were cultivated for 2 or 4 days in the presence of 50 mM taurine to prevent intercellular HOCl signaling and apoptosis. The cells were centrifuged, washed with 25 ml PBS three times and the pellets were resuspended in sample buffer for SDS PAGE (3300 cells/µl) (Laemmli 1970). The samples were heated for 5 min, diluted in sample buffer 1:4 and 15 µl were separated by SDS PAGE and transferred to nitrocellulose membrane using the method described by Bruckbauer et al., 1992. Catalase was detected by monoclonal antibody directed against human catalase (Sigma Aldrich, clone CAT-505, mouse, IgG1) at a concentration of 0.5 µg/ml, GAPDH was detected by specific antibodies (Sigma Aldrich) at a dilution of 0.1 µg/ml. Polyclonal rabbit anti-mouse Ig- HRP conjugated (DAKO #P0161) at a dilution of 1:1000 was used as secondary antibody. Incubation was for 45 min, followed by staining with H2O2/tetramethylbenzimidine according to standard conditions.

Molecular weight markers: M1: 66 200 dalton; M2: 45 000 dalton; M3: 35 000 dalton. Western blot analysis was performed with two different preparations of siRNA-treated cells and with duplicate analysis.
findings of the effect of siRNA on knockdown of catalase activity and catalase structure seems to indicate that the half life of catalase activity is much shorter than the half life of the (immunoreactive) protein per se. The strong decrease of catalase activity after siRNA treatment for 21 h therefore must be the consequence of fast catalase inactivation in combination with strongly siRNA-dependent prevention of de novo synthesis of active enzyme. Fast inactivation of catalase can be speculated to be due to the effects of singlet oxygen, as a histidine residue that is required for catalase activity can react with histidine (Escobar et al.,1996) and as the reaction between the catalase substrates H2O2 and peroxynitrite can lead to the formation of singlet oxygen (Di Mascio et al., 1994). In line with our observations, the published half life time of catalase is varying between 1.5 and 3.5 days (Poole et al., 1969; Geerts et al., 1984). 
V. The effect of transglutaminase on extracellular membrane-associated catalase of tumor cells.

Supernatant collected from MKN-45 cells after 6 h treatment with transglutaminase inhibitor caused substantial inhibition of GOX-dependent, H2O2-mediated apoptosis induction, whereas supernatant from untreated cells only showed a minor effect. Likewise, cells pretreated with transglutaminase inhibitor were more sensitive to apoptosis induction by H2O2 generated by GOX than untreated control cells (Supplementary Figure 13). These findings allowed to speculate that catalase was released from tumor cells and bound to the membrane through the activity of transglutaminase. This assumption is in line with the findings that a) catalase represents a potential substrate for transglutaminase (Valdivia et al., 2006) and that b) transglutaminase can be found extracellularly (Akimov and Belkin, 2001). Control experiments (Supplementary Figure 14) showed that treatment of the cells with siRNA directed against transglutaminase 2 caused an identical effect as transglutaminase inhibitor (Supplementary Figure 14 A). As the combination of siRNA 
treatment and inhibitor did not cause an additional effect compared to individual
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Supplementary Figure 13: Transglutaminase inhibitor prevents the attachment of catalase to the membrane of tumor cells.

300 000 MKN-45 cells/ml were treated without or with 10 µM transglutaminase inhibitor (“TGM INH”)(LDN-27219) for 6 h in the presence of 50 mM taurine. The assays were centrifuged and the supernatants (A) or the cell pellets (B) were tested for catalase activity. 
A: The indicated volumes of supernatants were added to 4000 MKN-45 cells/100 µl in the presence of 5 mU/ml glucose oxidase (GOX). GOX generates H2O2 that induces apoptosis and that is decomposed by catalase. B: The cell pellet was resuspended at a density of 4000 cells/100 µl and the indicated concentration of GOX were added to control cells and cells pretreated with the inhibitor (“Pretr. INH”). After incubation at 37 °C for 1.5 h, the percentages of apoptotic cells were determined in duplicate assays. 
Statistical analysis: Inhibition of GOX-dependent apoptosis induction by supernatants from TGM INH-treated MKN-45 cells was highly significant (p < 0.001), whereas there was no significant inhibition by untreated cells or medium with TGM inhibitor. The difference in sensitivity between control cells and cells pretreated with TGM inhibitor was highly significant (p < 0.001).
application, siRNA and inhibitor seem to target the same activity, i. e. transglutaminase. Application of inhibitor to tumor cells that had been pretreated with siRNA directed against catalase (siCAT) or NOX1 (siNOX1) did not lead to the release of H2O2-catabolizing activity (Supplementary Figure 14 B), indicating that 
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Supplementary Figure 14: Analogous effects of TGM inhibitor and siRNA directed against TGM-2.
MKN-45 cells (300 000 cells/ml) were transfected with 24 nM control siRNA (sico), or siRNA directed against TGM-2 (siTGM), catalase (siCAT) or NOX1 (siNOX1). One day after transfection, the cells were centrifuged, resuspended in fresh medium containing 50 mM taurine at a density of 300 000 cells/ml, in the absence or presence of 10 µM TGM inhibitor (TGM INH). After 6 h, the supernatants were collected and applied to 4 000 MKN-45 cells/100 µl. Where indicated, the assays were preincubated with 0.4 µg/ml neutralizing antibody against catalase (aCAT) or control antibody against laminin before 5 mU/ml GOX was added. The percentages of apoptotic cells were determined in duplicate assays after 1.5 h.  
Statistical analysis: The release of catalase from cells treated with TGM inhibitor or siRNA against TGM was highly significant (p < 0.001). There was no significant release from siCo, siNOX and siCAT-transfected cells and no significant effect of TGM inhibitor in addition to siTGM treatment. The abrogation of catalase activity of TGM inhibitor- or siTGM-treated cells by anti-CAT was highly significant (p < 0.001).  
catalase was released into the supernatant from transglutaminase inhibitor-treated cells and confirming that catalase expression is controlled by NOX1 as shown in the main part of the manuscript. The identy of the H2O2-catabolizing activity with catalase was confirmed in Supplementary Figure 14 C through the use of monoclonal neutralizing antibodies directed against catalase. 
The functional significance of transglutaminase activity for the protection of tumor cells is demonstrated in Supplementary Figures 15 and 16, which show that 
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Supplementary Figures 15 and 16: Knockdown of TGM activity sensitizes tumor cells for apoptosis induction by exogenously added peroxynitrite (Suppl. Figure 15) and peroxynitrite generated through superoxide anion/nitric oxide interaction (Suppl. Figure 16).

MKN-45 cells were transfected with 24 nM control siRNA (siCo), siRNA against TGM-2 (siTGM) or siRNA against catalase (siCAT) under standard conditions. After 24 h, the cells were centrifuged and resuspended in fresh medium at a density of 4 000 cells/100 µl. Where indicated, the assays received 100 mM 3-AT, catalase (CAT; either 50 or 1000 U/ml) or 25 µM of the peroxynitrite decomposition catalyst FeTPPS. The assays received either the indicated concentrations of peroxynitrite (PON) or the NO donor DEA NONOate. After 2 h, the percentages of apoptotic cells were determined in duplicate assays. 
Statistical analysis: Sensitization of tumor cells for apoptosis induction by PON and DEA NONOate was highly significant for siCAT, siTGM and siCo plus 3-AT (p<0.001), whereas siCo-treated cells did no allow apoptosis induction. Inhibition by FeTPPS was highly significant (p<0.001) in both figures. 50 U/ml catalase caused highly significant inhibition for PON-mediated apoptosis induction, whereas 1000 U/ml catalase were required for highly significant inhibition of DEA NONOate-mediated apoptosis induction.
knockdown of transglutaminase activity has the same sensitizing effect for exogenously added peroxynitrite (Supplementary Figure 15 A) and for peroxynitrite generated through the interaction between an exogenous NO donor with tumor cell-derived superoxide anions (Supplementary Figure 16 A) as knockdown of catalase activity with siRNA or inhibition of catalase with 3-aminotriazole. Controls with the peroxynitrite decomposition catalyst FeTPPS ensured that peroxynitrite was indeed the responsible apoptosis inducer in both experiments. The use of exogenous catalase allowed to specifically address the steric requirements for the protection of tumor cells by catalase. Whereas exogenously added, preformed peroxynitrite (added to the supernatant of the cells) was efficiently decomposed already by 50 U/ml catalase, peroxynitrite generated in direct vicinity of the cell membrane by superoxide anion/NO interaction required 1000 U/ml catalase for complete protection. This high concentration of soluble catalase mimicked the potential of catalase bound to the membrane at high local density, mediated through the acitivity of transglutaminase.
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