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Salmonella is a genus of Gram-negative enteric bacteria 

that causes enteritis and typhoid fever. S. enterica serovar 

Typhimurium (S. typhimurium) can cause a systemic typhoid- 

like disease in mice, and this animal model of infection is 

widely used for the study of human typhoid fever caused by 

S. typhi (Pang et al., 1995). Upon enteric infection, S. typhi-

murium induces a lymphocytic response and an innate im-

mune response that eventually leads to cell death (Santos et 

al., 2001). During bacterial infection, macrophages serve as 

professional phagocytes, and are key effectors of the innate 

and adaptive immune responses (Richter-Dahlfors et al.,

1997).

  Ornithine decarboxylase (ODC) catalyzes the decarboxy-

lation of L-ornithine to form diamine putrescine, a rate- 

limiting step in the polyamine synthesis pathway (Williams

et al., 1992). Previously, it was shown that polyamine syn-

thesis is closely linked to cell death (Davis et al., 1992; 

Otieno and Kensler, 2000). Elevated expression of ODC in-

creases the concentration of polyamines in cells, including 

putrescine, spermidine and spermine, and there is evidence 

that the generation of H2O2 during the conversion of sper-

mine to spermidine by spermine oxidase plays an important 

role in cell death associated with polyamine synthesis (Cha-

turvedi et al., 2004). The expression of odc is activated in 

macrophages by infection with S. typhimurium or treatment 

with S. typhimurium-derived LPS through the activation of 

TLR4 (Prosser et al., 1984), and the subsequent engage-

ment of downstream effectors, such as the JNK, ERK, and 

p38 mitogen-activated protein kinases (MAPKs) (Poltorak

et al., 1998; Rosenberger et al., 2000).

  The oncoprotein c-Myc plays a pivotal role in many cel-

lular processes, including cell proliferation, the suppression 

of differentiation, and apoptosis (Luscher and Eisenman, 

1990; Pelengaris et al., 2002). c-Myc binds to a specific 

DNA sequence, termed the E-box (Coffino and Chen, 

1988; Walhout et al., 1997), that is found all c-Myc-respon-

sive genes. Two E boxes are located in the first intron of odc,

which suggests that it is a transcriptional target of c-Myc 

(Bello-Fernandez et al., 1993).

  There have been conflicting reports in the literature on 

the relationship between c-Myc-induced expression of ODC 

and cell death. The expression of c-Myc was induced in 

RAW264.7 cells by treatment with Helicobacter pylori lysate, 

resulting in the binding of c-Myc to odc and increased 

ODC levels in infected cells (Cheng et al., 2005). Treatment 

with c-Myc inhibitor or the expression of a dominant-neg-

ative c-Myc mutant decreased the expression of ODC and 

cell death in cells that were treated with H. pylori lysate 

(Bellmann et al., 2006; Liu et al., 2006). In contrast, while 

infection of macrophages with Salmonella or exposure to 

S. typhimurium-derived LPS induces the expression of both 

c-Myc and ODC, only bacterial infection induces cell death, 

presumably because LPS-mediated activation of TLR4 in-

duces the expression of both anti- and pro-apoptotic genes 
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(Poltorak et al., 1998; Hsu et al., 2004).

  In the current study, we examined the expression of ODC 

and c-Myc in RAW264.7 and mouse peritoneal macrophage 

cells infected with S. typhimurium or treated with S. typhi-

murium-derived LPS. We show that LPS induces the ex-

pression of ODC, but not c-Myc, and that the induction of 

c-Myc by bacterial infection is directly related to host cell 

death.

Wild-type S. typhimurium strain SCH2005 and its mutants, 

invF
-

, sipB
-

, and ssrAB
-

 (lab stock), were cultured aerobically 

at 37°C in LB broth. To prepare heat-killed S. typhimurium,

bacteria (equivalent in number to the live bacteria used for 

infection) were pelleted, washed with phosphate-buffered 

saline (PBS), resuspended in Dulbecco's Modified Eagle's 

Medium (DMEM) containing 10% fetal bovine serum 

(FBS), and then boiled for 10 min.

  RAW264.7 cells or mouse peritoneal macrophages (3×10
6

cells/well) were cultured in a 6-well plate in DMEM medium. 

For infection, bacteria were added to cultured RAW264.7 

and peritoneal macrophage cells at a multiplicity of infec-

tion (MOI) of 100 and 10, respectively, for 30 min. Cells 

were washed twice with PBS and then incubated for the in-

dicated periods of time in culture medium containing 10 

µg/ml gentamicin (Sigma, USA) without other antibiotics. 

For LPS treatment, cells were cultured as described above 

for infection, with the addition of 5 µg/ml S. typhimurium-

derived LPS to the medium (Sigma). Where indicated, cells 

were cultured in the presence of 10 µM SB202190 (Calbio-

chem, USA), 25 µM SP600125 (Calbiochem) or 25 µM

PD98059 (Calbiochem) after bacterial infection for 30 min. 

For the inhibition of bacterial endocytosis or c-Myc activity, 

cells were cultured in the presence of 0.5 µg/ml Zygosporium 

mansonii cytochalasin D (CCD) (Sigma) or 0.5 µM Int-H1- 

S6A, F8A c-Myc inhibitor (Biomol, USA) after bacterial in-

fection for 30 min.

  Peritoneal macrophages were prepared as previously de-

scribed (Largen and Tannenbaum, 1986).

Cells in culture were treated with a solution of trypsin/ 

EDTA (Invitrogen, USA), washed once with PBS, and then 

lysed in 0.2 ml lysis buffer [10 mM Tris-HCl; pH 7.5, 150 

mM NaCl, 1 mM EDTA; pH 8.0, 1% NP-40, and one tablet 

of protease inhibitor cocktail (Roche, Germany)] on ice for 

30 min. Following centrifugation at 10,000×g, the super-

natants subjected to 12% SDS-PAGE, and then proteins were 

transferred to a nitrocellulose membrane (Bio-Rad, USA). 

Protein levels were measured with rabbit polyclonal anti-c- 

Myc (Santa Cruz Biotechnology, USA) or monoclonal anti- 

ODC antibodies (Sigma) (1:400 dilution). As a quantitative 

control for protein levels, the membrane was stripped and 

re-probed using anti-actin antibodies.

The levels of odc mRNA were measured by Northern blot 

analysis, as follows. An odc-specific oligonucleotide probe was 

generated by PCR using cDNA prepared from RAW264.7 

cells as a template, and the following odc-specific primers: 

5’-TAAAAGCTCTTCCCCGCGTC and 5’-CCTGCTGGTTTT 

GAGTGTGG. The amplified fragment was radiolabeled with 

[α-
32

P]dCTP using a random primer labeling kit (GE Health-

care, UK). Total RNA from RAW264.7 cells was isolated 

using the TRIzol reagent (Invitrogen). RNA (20 µg) was 

separated by 1.2% agarose gel electrophoresis in the pres-

ence of formaldehyde, and then transferred to a Hybond
TM

-

N membrane (Amersham Bioscience, UK) for 16 h. The 

membrane was exposed twice to 1200 J of UV light, dried 

in a 64°C oven, and then incubated with the probe.

  The levels of c-myc mRNA were measured by semiquanti-

tative RT-PCR. cDNA was synthesized from total RNA (5 

µg) using the PrimeScript
TM

 kit (TaKaRa, Japan). PCR was 

carried using cDNA derived from RAW264.7 cells as a 

template, and the following c-myc primers: 5’-GCCCAGTG 

AGGAATATCTGGA and 5’-ATCGCAGATGAAGCTCTGGT. 

The expected product size was 226 bp. As a quantitative 

control for mRNA levels, β-actin mRNA was also amplified 

using the same conditions.

Cell death was measured by lactate dehydrogenase (LDH) 

activity released in the media after indicated time using 

CytoTox96 nonradioactive assay (Promega, USA) and quan-

tified by measuring wavelength absorbance at 490 nm. Data 

are normalized to the amount of LDH released from lysis 

buffer treated cells and are corrected for baseline LDH re-

leased from cells exposed to culture media only.

We assessed the protein and mRNA levels of ODC in 

RAW264.7 cells after the infection with S. typhimurium, or 

treatment with S. typhimurium-derived LPS (Fig. 1). ODC 

protein levels were first detected at 4 h, and remained ele-

vated for up to 8 h following exposure to bacteria or LPS 

(Fig. 1A). We also detected a steady increase in odc mRNA 

levels under both conditions for up to 8 h (Fig. 1B). These 

results indicated that Salmonella infection or treatment with 

LPS activates odc expression, presumably through TLR4- 

mediated signaling (Royle et al., 2003), and that ODC pro-

tein levels are tightly regulated. To determine whether odc

expression was mediated by TLR4-associated signaling path-

ways, cells were infected with bacteria for 30 min, then cul-

tured in the presence of MAPK inhibitors that block the 

phosphorylation of p38, JNK, and ERK (SB202190, SP600125, 

and PD98059, respectively) (Nemoto et al., 1998), or cultured 

in the presence of both LPS and inhibitors, for 4 h (Fig. 

1C and D). Protein and mRNA levels were analyzed by 

Western and Northern blot, respectively. All of the MAPK 

inhibitors effectively blocked the induction of ODC protein 

(Fig. 1C) and mRNA (Fig. 1D) levels by bacterial infection 

and LPS treatment. These results suggested that odc expre-

ssion is induced by TLR4-mediated signaling through the 

activation of p38, JNK, and ERK.
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(A)

(B)

(C)

(D)

 ODC expression in RAW264.7 cells treated with S. typhi-

murium or LPS. (A) Western blot analysis of ODC protein levels. 

Proteins were probed with anti-ODC (upper panel) or anti-actin 

(lower panel) antibodies. An asterisk (*) indicates non-specific anti-

body binding. (B) Northern blot analysis of odc mRNA levels. 

Total RNA was separated on an agarose gel containing form-

aldehyde (lower panel). odc mRNA levels were detected using a 

radiolabeled probe (upper panel). (C) The effect of MAPK in-

hibitors on ODC expression. The treated cells were cultured for 

4 h in the presence of the indicated MAPK inhibitors. SB, 

SB202190; SP, SP600125; PD, PD98059. The relative amount of 

ODC to actin in each sample was measured by densitomety. 

Minus (-) indicates cells cultured in the absence of inhibitor. 

Western analysis was performed, as described for Fig. 1A. (D)

Northern blot analysis of odc mRNA levels. Total RNA was iso-

lated from the same cells in Fig. 1C. The relative amount of odc

mRNA to rRNA in each sample was measured by densitometer.

(A)

(B)

(C)

(D)

 The induction of c-Myc expression in macrophage cells 

treated with S. typhimurium or LPS. RAW264.7 cells were treated 

with S. typhimurium or LPS as described for Fig. 1. (A) Western 

blot analysis of c-Myc protein levels. Proteins were probed with 

anti-c-Myc (upper panel) or anti-actin (lower panel) antibodies. 

(B) Semiquantitative RT-PCR analysis of c-myc mRNA levels. 

PCR was carried out using c-myc (upper panel) or β-actin specific 

primers (lower panel). (C) c-Myc expression in macrophages treated 

with heat-killed S. typhimurium. RAW264.7 or mouse peritoneal 

macrophage cells were treated with heat-killed S. typhimurium.

After 4 h, protein levels were analyzed by Western blot using anti- 

c-Myc and anti-ODC antibodies, and anti-actin antibodies as a con-

trol, as indicated. Minus (-), non-treated cells; ST, cells infected 

with live bacteria; LPS, cells treated with LPS; HK-ST, cells treated

with heat-killed bacteria. (D) The effect of MAPK inhibitors on the

induction of c-Myc protein by S. typhimurium infection. RAW264.7

cells were infected with S. typhimurium, and then cultured for 4 h 

in the presence of the MAPK inhibitors SB202190 (SB), SP600125 

(SP), and PD98059 (PD). Protein levels were detected by Western 

blot using anti-c-Myc (upper panel) or anti-actin antibodies (lower

panel).

It has been reported that odc contains c-Myc binding sites 

and that its expression is activated by c-Myc (Bello-Fernandez

et al., 1993). We next investigated whether S. typhimurium

infection or LPS treatment affected c-Myc expression in 

RAW264.7 cells (Fig. 2). c-Myc protein was detected 1 h 

after bacterial infection, and remained elevated for 8 h 

(Fig. 2A). In contrast, LPS treatment did not affect the levels 

of c-Myc protein. Note, however, that c-myc mRNA was 

detected by semiquantitative RT-PCR following LPS stimu-

lation as well as bacterial infection (Fig. 2B). These results 

suggested that c-Myc mRNA is not efficiently translated or 

that the protein is rapidly degraded in LPS-treated cells. To 

confirm these results, RAW264.7 and mouse peritoneal 

macrophage cells were treated for 4 h with heat-killed bac-
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 The effect of an endocytosis inhibitor on the induction of 

c-Myc expression by S. typhimurium infection. Cells were cultured 

in the absence or presence of CCD prior to Salmonella infection. 

c-Myc and actin were measured by Western blot using anti-c-Myc 

and anti-actin antibodies, respectively.

 The effect of inhibitors of endocytosis and c-Myc on S. ty-

phimurium-induced cell death. RAW264.7 (open bars) and mouse 

peritoneal macrophage cells (closed bars) were cultured in the in-

dicated condition for 8 and 4 h, respectively, and cell death per-

centage was measured. Minus (-), un-treated cells; CCD, cells treated

with CCD; MI, cells treated with a c-Myc inhibitor; LPS, the cells 

treated with LPS; HK-ST, cells treated with heat-killed bacteria; 

ST, cells infected with live bacteria; ST+CCD, cells infected with 

live bacteria in the presence of CCD; ST+MI, cells infected with 

live bacteria in the presence of c-Myc inhibitor.

terial lysate (Fig. 2C), since LPS activity is heat-stable 

(Konadu et al., 1994). Neither heat-killed lysate nor LPS in-

creased c-Myc protein levels, as shown by Western blot 

analysis. In contrast, the level of ODC induction by heat- 

killed lysate was comparable to treatment with intact (live) 

bacteria or LPS. These results indicated that the induction 

of c-Myc protein by S. typhimurium is due to a bacterial 

component other than LPS.

  We next examined whether the increase in c-Myc protein 

levels by bacterial infection was mediated by TLR4. RAW 

264.7 cells were treated with MAPK inhibitors for 4 h after 

Salmonella infection for 30 min (Fig. 2D), and the levels of 

c-Myc were analyzed by Western blot. The induction of 

c-Myc protein in the presence of MAPK inhibitors was sim-

ilar to control cells that were not treated with inhibitors, 

which indicated that the induction of c-Myc protein in res-

ponse to bacterial infection is not mediated by such MAPK 

pathway.

As the induction of c-Myc protein by S. typhimurium was not 

involved with bacterial LPS in above results, we accessed 

the induction of c-Myc in bacterial invasion into host cells. 

To determine whether the induction of c-Myc expression 

was dependent on bacterial endocytosis by macrophages, 

RAW264.7 and mouse peritoneal macrophage cells were in-

fected with bacteria in the presence of the endocytosis in-

hibitor CCD for 4 h (Fig. 3). CCD treatment significantly 

decreased c-Myc protein levels in both cell types, indicating 

that bacterial endocytosis is the primary mechanism of in-

duction of c-Myc protein levels in macrophage cells.

Previously, it was shown that increased expression of ODC 

or c-Myc leads to cell death by apoptosis (Gobert et al.,

2002). We were interested in whether the induction of 

ODC and c-Myc expression by bacterial infection and LPS 

treatment also induced cell death in macrophages. Cell 

death was determined by LDH assay. This method is 

known to measure apoptosis and pyroptosis (Rupper and 

Cardelli, 2008). RAW264.7 cells and mouse peritoneal mac-

rophages were treated with live or heat-killed S. typhimu-

rium or with LPS (Fig. 4), and the rate of cell death in 

treated and untreated cells was examined 4 h after treat-

ment. Whereas cell death in LPS-treated cells was similar 

to non-treated control cells, it was significantly increased in 

both types of macrophage cells following infection with live 

S. typhimurium. These results indicated that the expression 

of c-Myc, but not ODC, results in cell death in host macro-

phages. Consistent with the role of c-Myc in bacteria-induced 

cell death, the rate of cell death induced by heat-killed bac-

teria was significantly less than live bacteria.

  To confirm that c-Myc expression induces cell death in 

macrophages, cells were cultured for 4 h in the presence of 

CCD or the c-Myc inhibitor Int-H1-S6A, F8A, prior to bac-

terial infection. The rate of bacteria-induced cell death in 

the presence of either inhibitor was significantly less than 

in the absence of inhibitor. These results indicated that the 

induction of c-Myc expression in RAW264.7 cells by S. typhi-

murium is dependent on bacterial endocytosis, and results 

in cell death.

S. typhimurium genome has two pathogenicity islands (SPI) 

with genes encoding type III secretion systems for virulence 

proteins (Galan, 2001). SPI1 is required for bacterial invasion 

into host cells and SPI2 is important for the subsequent

proliferation of bacteria (Ochman et al., 1996). To assess 

which stage of bacterial infection affects c-Myc protein level 

and cell death, we treated RAW264.7 cells with mutant bac-

teria which were defective of invasion or intracellular pro-

liferation (Fig. 5). c-Myc proteins were not detected signifi-

cantly in 8 h after the treatment of SPI1 mutants (invF
-

 or 
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(A)

(B)

 c-Myc level and cell death are dependent upon bacterial 

invasion stage. AW 264.7 cells were cultured with SPI1 (invF
-

 or 

sipB
-

) or SPI2 (ssrAB
-

) S. typhimurium mutants for 8 h. (A) Western

blot analysis against c-Myc and ODC proteins. The protein levels 

were analyzed by Western blotting using anti-c-Myc and anti-ODC 

antibodies and anti-actin antibodies were used as a control. (B)

Cell death percentage was measured 8 h after infection. Minus 

(-), untreated cells; ST, cells infected with wild-type bacteria; 

invF
-

, cells infected with invF-deficient mutant; sipB
-

, cells infected 

with sipB-deficient mutant; ssrAB
-

, cells infected with ssrAB-defi-

cient mutant.

sipB
-

) (Fig. 5A). In contrast, c-Myc proteins in SPI2 mutant 

(ssrAB
-

) were at the similar level in those in wild-type 

bacteria. Consistent with this observation, the wild-type bac-

teria and SPI2 mutant increased cell death in 8 h, whereas 

SPI1 mutant induced low level of cell death (Fig. 5B).

In the current study, we have shown that the infection of 

macrophages by S. typhimurium and the treatment of cells 

with S. typhimurium-derived LPS induces the expression of 

ODC to a similar extent. Thus, under both conditions, poly-

amine synthesis would also be similarly elevated. However, 

whereas bacterial infection resulted in macrophage cell death, 

LPS treatment did not. LPS-mediated activation of TLR4 

results in the induction of both anti- and pro-apoptotic genes 

in macrophages, which might explain the differential effects 

of bacterial infection and LPS treatment (Hsu et al., 2004). 

In particular, p38 MAPK has been shown to activate anti- 

apoptotic genes, thus, LPS-induced cell death may require 

the inhibition of p38 activation (Park et al., 2002). It is also 

possible that other genes are induced in response to LPS 

treatment that mitigates the effects of increased expression 

of ODC.

  The level of c-Myc protein was increased by infection 

with S. typhimurium, but not by exposure to LPS, and this 

increase in c-Myc correlated with increased cell death in 

RAW264.7 and peritoneal macrophages. Since LPS induced 

the expression of ODC, similar to live bacteria, these results 

indicate that the activation of odc by c-Myc is not critical for 

cell death, and suggest that unidentified gene(s) involved in 

cell death are induced by c-Myc in response to bacterial 

infection. This conclusion were supported that pre-treatment 

of alpha-difluoromethylornithin (DFMO), a specific ODC 

inhibitor, was no effect on the inhibition of caspase activity 

by LPS and TNF (Tantini et al., 2002). Consistent with the 

role of c-Myc in bacteria-induced cell death, treatment of 

cells with an inhibitor of c-Myc significantly decreased cell 

death following infection by S. typhimurium. This wasn’t 

limited to macrophages. We observed that the induced c-Myc 

increased cell death in mouse breast cancer cell line, 4T-1 

(data not shown).

  While the levels of c-myc mRNA were increased by both 

bacterial infection and LPS treatment, c-Myc protein levels 

were increased only following bacterial infection. Increased 

levels of c-Myc have a severe effect on normal cell func-

tions, including proliferation, differentiation, and apoptosis 

(Luscher and Eisenman, 1990), (Pelengaris et al., 2002). 

Thus, it is not surprising that the expression and function of 

c-Myc are regulated at multiple levels. Our results suggest 

that the regulation of c-Myc in response to bacterial in-

fection is most likely at the level of posttranslational modifi-

cation (Vervoorts et al., 2006). There are several post-trans-

lational modifications that affect the stability of c-Myc, in-

cluding phosphorylation, ubiquitinylation, and acetylation. 

Our results raise the possibility that LPS treatment and 

bacterial infection differentially regulate the signaling path-

ways involved in c-Myc stability and degradation. Additional 

studies are required to clarify this issue.

  Host cell death is a common outcome of bacterial invasion 

(Monack et al., 1996). The ability of a pathogen to survive 

and even replicate within phagocytic cells is a potent method 

of evading the defense mechanisms of the host. A number 

of pathogens, including Salmonella, survive within macro-

phages after phagocytosis, and this is a major factor in their 

virulence (Richter-Dahlfors et al., 1997). The invasion of host 

cells by Salmonella requires actin polymerization and endo-

cytosis (Tilney and Portnoy, 1989). Our results demonstrated 

that CCD, an inhibitor of actin polymerization, also decreases 

c-Myc protein levels in cells infected with bacteria. These 

results indicate that bacterial endocytosis is required for 

bacteria-induced cell death, through c-Myc. We also showed 

that SPI1, but not SPI2 was related with c-Myc protein level 

and cell death. This conclusion is consistent with the report 

that apoptosis in macrophages in response to S. typhimu-

rium infection is rapid, specific, and depend on the type III 

secretion system encoded within SPI1 (Cook et al., 2007). 

Here, we reported that Salmonella infection increased 

c-Myc protein level in host cells during bacterial endocy-

tosis and sequentially induced host cell death.

This work was supported by grants from the Regional Tech-

nology Innovation Program of the Ministry of Commerce, 

Industry and Energy, Korea (RTI05-01-01) and the National 

R&D Program for Cancer Control (0620330-1) of the 



Vol. 47, No. 2 c-Myc expression by S. typhimurium infection 219

Ministry of Health & Welfare, Korea. H.E.C. was sup-

ported by a grant of the Korea Science and Engineering 

Foundation (2007-04213).

Bellmann, K., J. Martel, D.J.P. Poirier, M.M. Labrie, and J. Landry. 

2006. Downregulation of the PI3K/Akt survival pathway in cells 

with deregulated expression of c-Myc. Apoptosis 11, 1311-1319.

Bello-Fernandez, C., G. Packham, and J.L. Cleveland. 1993. The 

ornithine decarboxylase gene is a transcriptional target of c- 

Myc. Proc. Natl. Acad. Sci. USA 90, 7804-7808.

Chaturvedi, R., Y. Cheng, M. Asim, F.I. Bussiere, H. Xu, A.P. 

Gobert, A. Hacker, R.A. Casero, Jr., and K.T. Wilson. 2004. 

Induction of polyamine oxidase 1 by Helicobacter pylori causes 

macrophage apoptosis by hydrogen peroxide release and mi-

tochondrial membrane depolarization. J. Biol. Chem. 279, 

40161-40173.

Cheng, Y., R. Chaturvedi, M. Asim, F.I. Bussiere, H. Xu, R.A. 

Casero, Jr., and K.T. Wilson. 2005. Helicobacter pylori-induced 

macrophage apoptosis requires activation of ornithine decar-

boxylase by c-Myc. J. Biol. Chem. 280, 22492-22496.

Coffino, P. and E.L. Chen. 1988. Nucleotide sequence of the mouse 

ornithine decarboxylase gene. Nucleic Acids Res. 16, 2731-2732.

Cook, P., S. Totemeyer, C. Stevenson, K.A. Fitzgerald, M. Yamamoto, 

S. Akira, D.J. Maskell, and C.E. Bryant. 2007. Salmonella-in-

duced SipB-independent cell death requires Toll-like receptor-4 

signalling via the adapter proteins Tram and Trif. Immunology

122, 222-229.

Davis, R.H., D.R. Morris, and P. Coffino. 1992. Sequestered end 

products and enzyme regulation: The case of ornithine decar-

boxylase. Microbiol. Rev. 56, 280-290.

Galan, J.E. 2001. Salmonella interactions with host cells: type III 

secretion at work. Annu. Rev. Cell Dev. Biol. 17, 53-86.

Gobert, A.P., Y. Cheng, J.Y. Wang, J.L. Boucher, R.K. Iyer, S.D. 

Cederbaum, R.A. Casero, Jr., J.C. Newton, and K.T. Wilson. 

2002. Helicobacter pylori induces macrophage apoptosis by ac-

tivation of arginase II. J. Immunol. 168, 4692-4700.

Hsu, L.C., J.M. Park, K. Zhang, J.L. Luo, S. Maeda, R.J. Kaufman, 

L. Eckmann, D.G. Guiney, and M. Karin. 2004. The protein 

kinase PKR is required for macrophage apoptosis after activa-

tion of Toll-like receptor 4. Nature 428, 341-345.

Konadu, E., J.B. Robbins, J. Shiloach, D.A. Bryla, and S.C. Szu. 

1994. Preparation, characterization, and immunological prop-

erties in mice of Escherichia coli O157 O-specific polysaccha-

ride-protein conjugate vaccines. Infect. Immun. 62, 5048-5054.

Largen, M.T. and C.S. Tannenbaum. 1986. LPS regulation of spe-

cific protein synthesis in murine peritoneal macrophages. J. 

Immunol. 136, 988-993.

Liu, L., X. Guo, J.N. Rao, T. Zou, B.S. Marasa, J. Chen, J. Green-

spon, R.A. Casero, Jr., and J.Y. Wang. 2006. Polyamine-modu-

lated c-Myc expression in normal intestinal epithelial cells regu-

lates p21Cip1 transcription through a proximal promoter region. 

Biochem. J. 398, 257-267.

Luscher, B. and R.N. Eisenman. 1990. New light on Myc and Myb. 

Part I. Myc. Genes Dev. 4, 2025-2035.

Monack, D.M., B. Raupach, A.E. Hromockyj, and S. Falkow. 1996. 

Salmonella typhimurium invasion induces apoptosis in infected 

macrophages. Proc. Natl. Acad. Sci. USA 93, 9833-9838.

Nemoto, S., J. Xiang, S. Huang, and A. Lin. 1998. Induction of 

apoptosis by SB202190 through inhibition of p38beta mitogen- 

activated protein kinase. J. Biol. Chem. 273, 16415-16420.

Ochman, H., F.C. Soncini, F. Solomon, and E.A. Groisman. 1996. 

Identification of a pathogenicity island required for Salmonella 

survival in host cells. Proc. Natl. Acad. Sci. USA 93, 7800-7804.

Otieno, M.A. and T.W. Kensler. 2000. A role for protein kinase 

C-delta in the regulation of ornithine decarboxylase expre-

ssion by oxidative stress. Cancer Res. 60, 4391-4396.

Pang, T., Z.A. Bhutta, B.B. Finlay, and M. Altwegg. 1995. Typhoid 

fever and other salmonellosis: A continuing challenge. Trends 

Microbiol. 3, 253-255.

Park, J.M., F.R. Greten, Z.W. Li, and M. Karin. 2002. Macrophage 

apoptosis by anthrax lethal factor through p38 MAP kinase 

inhibition. Science 297, 2048-2051.

Pelengaris, S., M. Khan, and G. Evan. 2002. c-MYC: More than 

just a matter of life and death. Nat. Rev. Cancer 2, 764-776.

Poltorak, A., X. He, I. Smirnova, M.Y. Liu, C. Van Huffel, X. Du, 

D. Birdwell, E. Alejos, M. Silva, C. Galanos, M. Freudenberg, 

P. Ricciardi-Castagnoli, B. Layton, and B. Beutler. 1998. Defec-

tive LPS signaling in C3H/HeJ and C57BL/10ScCr mice: Muta-

tions in Tlr4 gene. Science 282, 2085-2088.

Prosser, F.H., C.J. Schmidt, S.V. Nichols, and W.K. Nichols. 1984. 

Induction of ornithine decarboxylase, RNA, and protein syn-

thesis in macrophage cell lines stimulated by immunoadjuvants. 

J. Cell. Physiol. 120, 75-82.

Richter-Dahlfors, A., A.M. Buchan, and B.B. Finlay. 1997. Murine 

salmonellosis studied by confocal microscopy: Salmonella ty-

phimurium resides intracellularly inside macrophages and ex-

erts a cytotoxic effect on phagocytes in vivo. J. Exp. Med. 186, 

569-580.

Rosenberger, C.M., M.G. Scott, M.R. Gold, R.E. Hancock, and 

B.B. Finlay. 2000. Salmonella typhimurium infection and lipo-

polysaccharide stimulation induce similar changes in macro-

phage gene expression. J. Immunol. 164, 5894-5904.

Royle, M.C., S. Totemeyer, L.C. Alldridge, D.J. Maskell, and C.E. 

Bryant. 2003. Stimulation of Toll-like receptor 4 by lipopoly-

saccharide during cellular invasion by live Salmonella typhimu-

rium is a critical but not exclusive event leading to macro-

phage responses. J. Immunol. 170, 5445-5454.

Rupper, A.C. and J.A. Cardelli. 2008. Induction of guanylate bind-

ing protein 5 by gamma interferon increases susceptibility to 

Salmonella enterica serovar Typhimurium-induced pyroptosis in 

RAW264.7 cells. Infect. Immun. 76, 2304-2315.

Santos, R.L., R.M. Tsolis, A.J. Baumler, R. Smith, 3rd, and L.G. 

Adams. 2001. Salmonella enterica serovar Typhimurium induces 

cell death in bovine monocyte-derived macrophages by early 

SipB-dependent and delayed SipB-independent mechanisms. 

Infect. Immun. 69, 2293-2301.

Tantini, B., C. Pignatti, M. Fattori, F. Flamigni, C. Stefanelli, E. 

Giordano, M. Menegazzi, C. Clo, and C.M. Caldarera. 2002. 

NF-kappaB and ERK cooperate to stimulate DNA synthesis 

by inducing ornithine decarboxylase and nitric oxide synthase 

in cardiomyocytes treated with TNF and LPS. FEBS Lett. 512, 

75-79.

Tilney, L.G. and D.A. Portnoy. 1989. Actin filaments and the growth, 

movement, and spread of the intracellular bacterial parasite, 

Listeria monocytogenes. J. Cell. Biol. 109, 1597-1608.

Vervoorts, J., J. Luscher-Firzlaff, and B. Luscher. 2006. The ins 

and outs of MYC regulation by posttranslational mechanisms. 

J. Biol. Chem. 281, 34725-34729.

Walhout, A.J., J.M. Gubbels, R. Bernards, P.C. Van Der Vliet, and 

H.T. Timmers. 1997. c-Myc/Max heterodimers bind coopera-

tively to the E-box sequences located in the first intron of the 

rat ornithine decarboxylase (ODC) gene. Nucleic Acids Res.

25, 1493-1501.

Williams, L.J., G.R. Barnett, J.L. Ristow, J. Pitkin, M. Perriere, and 

R.H. Davis. 1992. Ornithine decarboxylase gene of Neurospora 

crassa: Isolation, sequence, and polyamine-mediated regulation 

of its mRNA. Mol. Cell. Biol. 12, 347-359.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


