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The extraribosomal functions of ribosomal proteins have drawn significant recent atten-
tion. Ribosomal protein S3 (RPS3), a component of the eukaryotic 40S ribosomal subunit,

is a multifunctional protein that regulates DNA repair, apoptosis, and the innate immune
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INTRODUCTION

Ribosomal proteins function not only in protein translation,
but also in multiple extraribosomal activities (Blumenthal and
Carmichael, 1979). These functions include, but are not limited
to, DNA repair, cell death, inflammation, tumorigenesis, and tran-
scriptional regulation (Warner and MclIntosh, 2009). Here we
focus on a eukaryotic 40S ribosome component, the ribosomal
protein S3 (RPS3), and its emerging regulatory roles in DNA repair,
apoptosis, and pro-inflammatory signaling during bacterial infec-
tion. We propose that RPS3 may play a central role in regulating
numerous aspects of host—pathogen interactions.

RPS3 AND MICROBIAL PATHOGENESIS
Ribosomal protein S3 has been directly and indirectly implicated in
host—pathogen interactions. A clone of human RPS3 was obtained
in a yeast three-hybrid screen designed to identify proteins that
bind the 3’ untranslated region (UTR) of hepatitis C virus (Wood
etal.,2001). Suppression subtractive hybridization studies of mast
cell gene expression modulated by Pseudomonas aeruginosa sug-
gested that RPS3 might be involved in P. aeruginosa pathogenesis
(Sun etal., 2005). RPS3 expression levels may also be important to
mouse resistance to the H5N1 influenza virus (Boon et al., 2009).

The NF-kB family of transcription factors regulates the expres-
sion of genes involved in a variety of cellular functions such as
immune responses and cellular proliferation (Lenardo and Bal-
timore, 1989). NF-kB is normally sequestered in the cytoplasm
by inhibitory IkB proteins that mask NF-kB nuclear localiza-
tion signals (Hacker and Karin, 2006). After a cell recognizes a
pathogen-associated molecular pattern (PAMP), the IkB kinase
(IKK) complex is activated and subsequently phosphorylates the
IkBs, leading to their ubiquitination and degradation by the 26S
proteasome, permitting NF-kB subunits to translocate into the
nucleus to function in transcription.

It was recently discovered that RPS3 is also inducibly associated
with and phosphorylated by IKKf on serine 209 (S209) in response

response to bacterial infection. Here we the review the latest findings about RPS3 extrari-
bosomal functions, with special emphasis on their relation to microbial pathogenesis and
enteropathogenic Escherichia coli.
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to NF-kB pathway activation (Wan et al., 2011). This phosphory-
lation event is essential to the nuclear translocation of RPS3, after
it associates with importin-a (Wan et al., 2011). Affinity purifica-
tion experiments had also revealed that RPS3 interacts with the
p65 NF-kB subunit through its K homology (KH) domain (Wan
etal.,, 2007; Figure 1).

After entering the nucleus, NF-kB binds to kB sites within
target gene promoters and regulate transcription by recruiting
co-activators/repressors (Wan et al., 2007). This newly discovered
NE-kB subunit, RPS3, guides NF-k B to specific kB sites by increas-
ing the affinity of the p65 NF-kB subunit for a subset of target gene
promoters (Wan et al., 2007). Likewise, silencing RPS3 expression
alters a subset of NF-kB signal transduction pathways. RPS3 thus
provides for selective NF-k B recruitment to specific promoters and
tailors cellular transcriptional responses to specific stimuli. Inter-
estingly, RPS3 also forms a complex with NF-«kB in human islet
cells after stimulation with IL-18 (Mokhtari et al., 2009).

The function of type III secretion system (T3SS) effector pro-
teins has been a subject of intense research in recent years (Dean
and Kenny, 2009). Some effectors (e.g., NleB, NleC, NleD, NleE,
NleH) are key modulators of the innate immune system of intesti-
nal epithelial cells, especially pathways regulated by NF-kB. For
example, NleC is a protease that cleaves the NF-kB p65 subunit
(Marches et al., 2005; Yen et al., 2010; Baruch et al., 2011; Muhlen
etal.,2011;Pearsonetal.,2011). NleD cleaves the c-Jun N-terminal
kinase (JNK) thus blocking activator protein-1 (AP-1) activation
(Baruch et al., 2011). NleE inhibits both p65 nuclear transloca-
tion and IkBa degradation (Newton et al., 2010) to block NF-kB
activation, in conjunction with NleB (Nadler et al., 2010; Newton
etal., 2010).

During attaching/effacing (A/E) pathogen infection, the T3SS
effectors NleH1 and NleH2 bind to the N-terminus of RPS3 after
their translocation into host cells (Gao et al., 2009). NleH1, but not
NleH2, inhibits the nuclear translocation of RPS3, consequently
inhibiting the transcription of genes encoding pro-inflammatory
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FIGURE 1 | Known and postulated interactions between RPS3
and mammalian or bacterial proteins. Specific RPS3 phosphorylation
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cytokines, such as IL-8 and TNF-a, indicating that pathogens
target RPS3 to inhibit host immune defenses (Gao et al., 2009).

NleH1 functions by inhibiting the IKKB-mediated phospho-
rylation of RPS3 S209 (Wan et al., 2011). NleH1 is an auto-
phosphorylated Ser/Thr protein kinase with an active site at lysine
159 (K159; Gao et al., 2009). While the kinase substrate for NleH1
is not yet known, it does not appear to phosphorylate either IKKB
or RPS3. However, NleH1 kinase activity is required to inhibit
IKKB from phosphorylating RPS3, as mutating the NleH1 K159
residue to alanine (K159A) prevented NleH1 from inhibiting RPS3
S209 phosphorylation, both in vitro and in cell culture models
(Wan et al., 2011). Studies of gnotobiotic piglets infected with
Escherichia coli O157:H7 also demonstrated that RPS3 S209 phos-
phorylation is inhibited by NleH1 in vivo, possibly to benefit
bacterial colonization and transmission (Wan et al., 2011).

It is interesting that IKKf activation and IkBa degradation
appear to be unaffected by NleH1 (Wan et al., 2011) suggesting
that it may be beneficial for the pathogen to attenuate the tran-
scription of RPS3-dependent, but not all NF-kB-dependent target
genes. It will be important to consider how the apparently selec-
tive alteration of NF-kB activity achieved by NleH1 is coordinated
with the other enteropathogenic E. coli (EPEC) effectors targeting
the NF-kB pathway.

NleH also functions in preventing host cell apoptosis through
a mechanism likely to be independent of its interaction with RPS3
(the role of RPS3 in regulating apoptosis will be discussed below).
The EPEC effector EspF disrupts host mitochondrial membrane
potential and induces the degradation of the anti-apoptotic pro-
tein Abcf2 (Nougayrede et al., 2007). Despite the pro-apoptotic
function of EspF, EPEC does not induce a large degree of apop-
tosis, suggesting that other effectors may have anti-apoptotic
function. Indeed, an EPEC mutant deleted for both nleHI and
nleH2 reduced host cell survival as compared with wild-type EPEC
infection (Hemrajani et al., 2010).

Yeast two-hybrid studies subsequently revealed that NleH1
binds to the Bax inhibitor-1 (BI-1) protein (Hemrajani et al.,
2010). This result is interesting because the intrinsic pro-apoptotic
pathway involves the activation of Bcl-2-homology 3-only (BH3)
proteins, as well as the oligomerization of Bak/Bax proteins.
Transfecting NleH1 prevented caspase-3 activation (Hemrajani

et al.,, 2010), as well as Clostridium TcdB-induced apoptosis
(Robinson et al., 2010). Interestingly, a pro-apoptotic Bcl-2 pro-
tein, the BH3 interacting domain death agonist (BID) was recently
shown to interact with the nucleotide-binding oligomerization
domain-containing proteins NOD1 and NOD?2, as well as the
IKK complex, thus integrating apoptosis and NF-kB signaling
(Yeretssian et al., 2011).

NleH1 also interacts with the Nat/HT-exchange regula-
tory factor 2 (NHERF2) at the plasma membrane (Martinez
et al., 2010). Because over-expressing NHERF2 reduces the anti-
apoptotic function of NleH1, it has been suggested that NHERF2
may serve as a plasma membrane sorting site to bind bacterial
effector proteins away from other host targets (Martinez et al,,
2010).

DNA REPAIR

It was determined, after the Drosophila melanogaster RPS3 cDNA
was cloned (Wilson et al., 1993), that RPS3 cleaves DNA at
apurinic/apyrimidinic (AP) sites of DNA damage (Wilson et al,,
1993). The AP site is a DNA lesion which, without removal, can
halt mRNA and DNA synthesis and cause cell death (Loeb and
Preston, 1986). Drosophila RPS3 possesses an N-glycosylase activ-
ity and liberates 8-oxoguanine (8-0x0G) DNA lesions generated
during oxidative stress (Yacoub et al., 1996; Deutsch et al., 1997).
Transforming RPS3 into E. coli rescues the H,O; sensitivity of an
E. coli mutM strain, as well as the alkylation sensitivity of exo III
and endo IV E. coli mutants (Yacoub et al., 1996). Drosophila RPS3
also accelerates the repair of 8-0x0G lesions in both human and
mouse cell extracts (Cappelli et al., 2003).

Both human (Hegde et al., 2004a) and yeast (Jung et al., 2001)
RPS3 are also involved in DNA repair. Over-expressing yeast RPS3
overcomes both the osmotic and oxidative stress sensitivity nor-
mally observed in a yar] mutant, a gene encoding an ankyrin-
rich repeat protein that serves a stress response function (Loar
et al.,, 2004). The RPS3 gene is found in a single copy in Sac-
charomyces cerevisiae and its disruption yields non-viable haploid
spores (Fingen-Eigen et al., 1996). Human RPS3 binds tightly to
both AP and 8-0xoG sites (Hegde et al., 2004b), but appears not
to possess its own glycosylase activity (Kim et al., 2005a). Human
RPS3 instead functions by binding to and stimulating the activities
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of a uracil-DNA glycosylase (Ko et al., 2008), as well as the base
excision repair (BER) enzymes hOGG1 and APE/Ref-1 (Hegde
et al., 2004a), both of which are multifunctional proteins with AP
endonuclease activity.

Ribosomal protein S3 nuclear translocation and its subse-
quent participation in DNA repair are governed by several
post-translational modifications. While RPS3 contains a puta-
tive nuclear localization sequence (AAs 7-10; KKRK), no data
are yet available to indicate definitively whether this sequence
motif is essential to RPS3 nuclear translocation. RPS3 nuclear
translocation in response to DNA damage (Yadavilli et al., 2007)
is regulated by the extracellular signal-regulated kinase 1 (ERK1),
which phosphorylates RPS3 on T42 (Kim et al., 2005b; Figure 2).
This phosphorylation is critical to regulating RPS3 nuclear translo-
cation, as an RPS3 T42A mutant is significantly reduced in nuclear
abundance, even after extensive DNA damage is induced by H,O,
treatment. In contrast, an RPS3 T42D mutant is constitutively
localized to the nucleus, even in the absence of DNA damage
(Yadavilli et al., 2007).

Protein kinase C delta (PKC3) is a serine—threonine protein
kinase that can function in cellular responses relating to DNA

damage (Yoshida, 2007). PKC8 phosphorylates the S6 and T221
residues of RPS3 (Kim et al., 2009a). Chemicals that activate PKC3
[e.g., phorbol myristate acetate (PMA) or H,O;] increase both
the extent of phosphorylation and the repair endonuclease activ-
ity of RPS3 (Kim et al., 2009a). After nuclear translocation, the
N-terminus of RPS3 can be bound by the catalytic subunit of pro-
tein phosphatase 2A (PP2Ac; Kim et al., 2009b) and it appears that
prior phosphorylation of RPS3 on S6/T221 is necessary for this
interaction (Kim et al., 2009b).

A recent study showed that EPEC enters crypts of the human
colon (Maddocks et al., 2009). Studies with human colorectal cell
cultures demonstrated that EPEC downregulates the expression
of the mismatch repair proteins MLH1 and MSH2, in a mecha-
nism independent of apoptosis (Maddocks et al., 2009). It will be
interesting to determine the extent to which EPEC effector protein
interactions with RPS3 might account for this phenotype.

APOPTOSIS

Several ribosomal proteins, including RPS3, regulate apoptosis
(Naora et al., 1998; Khanna et al., 2003; He and Sun, 2007). Muta-
tional analysis of RPS3 suggests that RPS3 amino acids 15-26,
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the “death domain,” are critical to the function of RPS3 in induc-
ing apoptosis (Jang et al., 2004). Over-expressing an RPS3—GFP
fusion induces DNA condensation and promotes the degradation
of both the poly (ADP-ribose) polymerase (PARP) and lamin A/C
(Jang et al., 2004; Lee et al., 2010), both of which are hallmarks of
apoptotic induction. By contrast, depleting endogenous RPS3 res-
cues cell survival under oxidative stress conditions (Hegde et al.,
2007). Caspase-3, -8, and -9 are activated by over-expressing RPS3
in mouse MPC-11 cells, indicating that RPS3-induced apoptosis
is likely to be caspase-dependent (Jang et al., 2004).

In addition, either over-expressing or knocking down RPS3
expression levels can lead to apoptosis, suggesting that the total
abundance of RPS3 is important to proper cellular function.
Mouse embryonic fibroblasts (MEFs) derived from mice engi-
neered to over-express RPS3 display increased levels of DNA
damage after oxidative stress, possibly attributable to RPS3 bind-
ing to 8-0xoG and blocking BER activities (Hegde et al., 2009).
However, in other systems, in the presence of DNA damaging
agents (e.g., H»O, and methyl methanesulfonate; MMS), knocking
down RPS3 actuallyleads to increased cell survival, by relieving the
RPS3-obstacle to liberating 8-0x0G from damaged DNA (Hegde
et al., 2007). Knocking down C. elegans RPS3 expression after
worms reach adulthood increases lifespan (Curran and Ruvkun,
2007), but the mechanism was not studied in detail.

Ribosomal protein S3 is a substrate for another kinase, Akt
(Lee et al., 2010), which can be activated by insulin and pro-
survival factors. Activated Akt phosphorylates a variety of cellular
proteins involved in the cell cycle, cell survival, and metabolism.
Akt phosphorylates the RPS3 T70 residue, also promoting RPS3
nucleus translocation. In this case, T70 phosphorylation is sug-
gested to prevent RPS3-induced apoptosis (Lee et al., 2010). In
neuronal cells, RPS3 induces apoptosis by upregulating the expres-
sion of pro-apoptotic BH3-only proteins such as Bim and the
activator of apoptosis harakiri (Dp5/HRK) by interacting with
transcription factor E2F1 (Hershko and Ginsberg, 2004; Lee et al.,
2010). Akt-dependent phosphorylation of RPS3 T70 blocks the
pro-apoptotic function of RPS3 by inhibiting its interaction with
E2F1 while concomitantly enhancing RPS3 endonuclease activity
(Lee et al., 2010). These authors also indicate (Lee et al., 2010),
in unpublished data, that RPS3 binds to the retinoblastoma (Rb)
protein.

A model for RPS3-induced apoptosis has been proposed. Under
oxidative stress, RPS3 is phosphorylated by host protein kinases,
including ERK, PKC3, and Akt, consequently translocating into
the nucleus to undertake its DNA repair function. Excessive BER
may cause irreversible DNA damage and lead to apoptosis (Jang
et al., 2004). Thus, increased RPS3 activity at sites of damaged
DNA could lead RPS3 to function as an apoptosis signal media-
tor through a DNA repair enzyme. It is not yet clear what is the
mechanism governing cellular apoptosis induced by RPS3 knock-
down, though some have speculated that it is related to disrupting
protein translation (Lee et al., 2010).

CANCER AND p53
Many studies have identified transcripts and proteins that are
differentially expressed in cancer. These proteins include many

ribosomal proteins and, among them, RPS3. RPS3 expression is
increased in adenocarcinomas and in the majority of adenoma-
tous polyps (Pogue-Geile et al., 1991). Suppression subtractive
hybridization also identified RPS3 as over-expressed in a leukemia
cell line (Zhu et al., 2003). In contrast, RPS3 appears to be under-
expressed in squamous cell lung carcinomas (McDoniels-Silvers
etal., 2002).

Ribosomal proteins regulate p53 activity, a tumor suppres-
sor involved in arresting the cell cycle and inducing apoptosis
(Sulic et al., 2005; Panic et al., 2006; Chakraborty et al., 2009).
Zebrafish with heterozygous mutations in genes encoding 17
different ribosomal proteins are impaired in p53 protein pro-
duction and develop a rare malignant peripheral nerve sheath
tumor (Amsterdam et al., 2004). Disrupting the regulation of
p53 protein production may lead to tumorigenesis (Maclnnes
et al., 2008). p53 Levels are normally regulated by MDM2, which
possesses an E3 ubiquitin ligase activity that promotes p53 degra-
dation (Honda et al., 1997). However, during nucleolar stress,
ribosomal proteins interact with the acidic zinc finger region
of MDM2 (Horn and Vousden, 2008), limiting the function
of MDM2.

Ribosomal protein S3 interacts, via its KH RNA-binding
domain, with both MDM2 and p53 (Yadavilli et al., 2009). p53
and MDM2 levels normally increase and decrease, respectively,
after oxidative stress. By contrast, in cells knocked down for RPS3
expression, p53 levels decrease and the E3 ligase activity of MDM?2
is lost (Yadavilli et al., 2009), suggesting RPS3 is important to
stabilizing p53.

Ribosomal protein S3 can also interact, via its N-terminus, with
a nucleoside diphophate kinase, NM23-H1, that is activated dur-
ing apoptosis and may function as a tumor suppressor (Kim and
Kim, 2006). Over-expressing RPS3 reduces invasion by human
fibrosarcoma cells and reduced matrix metalloproteinase 9 (MMP-
9) secretion and ERK activation in HT1080 cells (Kim and Kim,
2006). NM23-H1 supresses tumor invasiveness by attenuating
Ras-Raf-MEK-ERK signaling (Hartsough et al., 2002). As MMP
secretion is regulated by ERK and is thought to be critical to tumor
cell invasiveness (Lakka et al., 2002), RPS3 interaction with both
NM23-H1 and ERK may play an important role in antagonizing
cancer development.

SUMMARY

Ribosomal protein S3 is involved in a broad range of physiological
activities. It is reasonable to speculate that interrupting ribosomal
protein function via environmental stress or infection will lead
to changes in host cell survival. Future studies are likely to reveal
additional surprises about the extraribosomal functions of riboso-
mal proteins and the extent to which these functions are targeted
for subversion by the T3SS effectors of A/E pathogens.
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