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Role for Telomerase in Listeria monocytogenes Infection
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Human telomerase reverse transcriptase (WTERT) is the catalytic subunit of the human telomerase complex. Growing evidence
suggests that hTERT also contributes to the cell physiology independently of telomere elongation. However, its role in bacterial
infection is unknown. Here we show that hTERT is critical for Listeria monocytogenes infection, as the depletion of hTERT im-
paired bacterial intracellular replication. In addition, we observed that L. monocytogenes caused a decrease in hTERT levels at
early time points of the infectious process. This effect was mediated by the pore-forming toxin listeriolysin O (LLO) and did not
require bacterial entry into host cells. Calcium influx through the LLO pores contributed to a proteasome-independent decrease
in hTERT protein levels. Together, our data provide evidence that these bacteria trigger hTERT degradation, an event that is det-

rimental to bacterial replication.

Telomeres are nucleoprotein complexes with a 3’ single strand
overhang that form the ends of chromosomes. They protect
the ends of chromosomes from being recognized as double-
stranded DNA breaks and also from degradation (40). The inabil-
ity of the conventional replication machinery to duplicate entirely
linear DNA leads to progressive telomere shortening (39, 49). This
progressive attrition of telomeres at each cell division has been
suggested to lead to a senescent state (22). Cellular senescence is
characterized by an irreversible proliferation arrest despite favor-
able growth conditions (7). In highly proliferative cells, such as
stem cells, germ cells, and cancer cells, the shortening of telomeres
is counteracted by a ribonucleoprotein complex named telome-
rase (19). The human telomerase enzyme consists of a catalytic
subunit with reverse transcriptase activity (hnTERT) and of a telo-
merase RNA (hTER), which serves as a template for telomeric
DNA synthesis (2). Beyond its canonical function in telomere
maintenance, the human telomerase reverse transcriptase exhibits
several extratelomeric roles, some of which take place outside the
nucleus (31). Suppression of h"TERT results in the alteration of the
chromatin architecture, which adopts a conformation that inhib-
its the DNA damage response (33). hTERT can also modulate
Wnt/B-catenin signaling pathways by physically occupying the
promoters of B-catenin target genes to induce their transcription
(8,41). Surprisingly, " TERT was also reported to be present in the
mitochondria, where it exhibited hTER-independent reverse
transcriptase and RNA-dependent RNA polymerase activities (30,
45). In addition, mitochondrial h\TERT was found to protect cells
from apoptosis (1, 11, 32, 44). Interestingly, the use of hTERT
mutants showed that telomere elongation, the regulation of DNA
damage response, and increases in cell proliferation and cellular
life span are separable and independent functions of hTERT (37).

Given the multiple roles of h\TERT in diverse cellular processes,
this enzyme represents an attractive target for pathogens. Indeed,
several tumor viruses promote transcription and posttranslational
modifications of hTERT during carcinogenesis (3). The virus-in-
duced upregulation of hTERT promotes cell immortalization,
preventing the appearance of cellular senescence— one of the an-
tiviral defense strategies of host cells (42). No regulation of hTERT
by bacteria has been reported.

Listeria monocytogenes is an invasive bacterial pathogen that
infects humans and animals following the ingestion of contami-
nated food products. The disease listeriosis manifests itself as gas-
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troenteritis, meningitis, encephalitis, and maternofetal and neo-
natal infections, resulting in a case fatality rate of 20 to 30% (48).
The diversity of the clinical symptoms results in part from the
ability of L. monocytogenes to cross the intestinal, placental, and
blood-brain barriers of the host. At the cellular level, L. monocyto-
genes employs elaborate strategies to manipulate host cells: it controls
endocytosis pathways, hijacks the cytoskeleton to ensure its own
propagation to neighboring cells, impairs posttranslational modifica-
tions of host proteins, perturbs mitochondrial physiology, and mod-
ulates host gene expression (10). The deep knowledge of its infectious
process and the availability of a wide range of mutants make this
bacterium a powerful tool for investigating the effects of bacterial
infection on the catalytic subunit of telomerase.

In the present study, we reveal that downregulation of hTERT
impairs Listeria infection and that L. monocytogenes induces a de-
crease in h'TERT levels. This diminution is triggered by listeriolysin O
(LLO), a pore-forming toxin secreted by L. monocytogenes. The de-
crease in hTERT levels is stimulated by calcium influx through LLO
pores at the level of the host plasma membrane. Our study demon-
strates for the first time a regulation of the catalytic subunit of telo-
merase by bacteria and highlights a role for telomerase in infection.

MATERIALS AND METHODS

Cell lines and bacterial strains. HeLa cells (ATCC CCL-2) were main-
tained in modified Eagle’s medium (MEM GlutaMAX; Invitrogen) sup-
plemented with 10% fetal calf serum at 37°C in a 10% CO, atmosphere.
When needed, cells were treated with the following components added in
medium without supplements: human tumor necrosis factor alpha
(TNF-a) (R&D Systems), 10 ng/ml; trichostatin A (Sigma), 1 wg/ml; cy-
tochalasin D (Sigma), 5 pg/ml; MG132 (Calbiochem), 20 pM; lactacystin
(Calbiochem), 20 wM; 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)
(Calbiochem), 300 uM; leupeptin (Calbiochem), 100 M; loxistatin (Calbi-
ochem), 100 uM; bestatin methyl ester (Calbiochem), 100 wM; pepstatin A
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methyl ester (Calbiochem), 200 uM; KCI (Sigma), 135 mM; and EGTA
(Sigma). The incubation times for each drug are indicated in the legends to
Fig. 4 and 6 and to Fig. S2 and S3 in the supplemental material.

Listeria strains were grown in brain heart infusion (BHI) medium (BD
Difco) at 37°C. The bacterial strains used in this study were Listeria in-
nocua (BUG 499), L. innocua overexpressing InlB (BUG 1642), L. mono-
cytogenes EGD-e (BUG 1600), L. monocytogenes EGD (BUG 600), L.
monocytogenes EGD AinlA AinlB (BUG 949), L. monocytogenes EGD Ahly
(BUG 2132), L. monocytogenes L028 (BOF 343), L. monocytogenes 1028
Tn::hly (BOF 415), and L. monocytogenes L028 Tn::hly (BOF 415) overex-
pressing LLO (BUG 210).

LLO wild type (wt) and mutants (C484, Y206A, W492A) were purified
as described previously (17) and used at 3 nM.

Infection. For the infection experiments, bacteria were cultured over-
night and then subcultured 1:10 in BHI medium for 2 h at 37°C. Thirty
minutes prior to infection, HeLa cells were incubated in medium without
serum. After addition of the bacteria, the cells were centrifuged at 1,000 X
g for 1 min before an incubation period at 37°C for 1 h. When not speci-
fied, infection was achieved with a multiplicity of infection (MOI) of 50
with bacteria that were washed three times in medium without serum
prior to infection. For a longer infection process, infected cells were grown
in growth medium supplemented with 20 pg/ml gentamicin to kill the
extracellular bacteria.

To evaluate the extent of L. monocytogenes infection or Listeria entry
by counting the CFU, infected cells were washed and intracellular bacteria
were released by 0.1% Triton X-100. The cell lysates were plated on BHI
agar plates to quantify the intracellular bacteria.

To quantify intracellular bacteria by immunofluorescence, the in-
fected cells were washed and fixed in 4% paraformaldehyde, and extracel-
lular bacteria were stained with an anti-L. monocytogenes R11 antibody
(18) and an Alexa Fluor 546 goat anti-rabbit antibody (Invitrogen) before
permeabilization of the host cell plasma membrane. After permeabiliza-
tion, intracellular bacteria were stained with an anti- L. monocytogenes R11
antibody and an Alexa Fluor 488 goat anti-rabbit antibody (Invitrogen).

Transfection of HeLa cells. Control small interfering RNA (siRNA)
(siGENOME nontargeting siRNA 1) and hTERT1 siRNA (described in
reference 32) were purchased from Dharmacon, while hTERT2 siRNA
was custom designed (5'-UCAGACAGCACUUGAAGAG-3") and pur-
chased from Eurofins MWG Operon. For siRNA transfection, we used
Oligofectamine (Invitrogen) according to the manufacturer’s instruc-
tions. To infect transfected cells, we adjusted the multiplicity of infection
to the number of viable cells in every well in order to infect them with 50
bacteria per cell in each experiment.

The retroviral plasmids pBABE-puro and pBABE-puro-hTERT-HA
were created in Bob Weinberg’s laboratory and were purchased from Ad-
dgene (plasmids 1764 and 1772, respectively). HeLa cells were transiently
transfected with 2 pg of plasmid using the FuGENE HD transfection
reagent (Roche) according to the manufacturer’s instructions.

Real-time PCR. Total RNA was extracted using an RNeasy kit
(Qiagen). cDNA was synthesized from 500 ng RNA using an iScript cDNA
synthesis kit (Bio-Rad). Quantitative real-time PCR (qPCR) was per-
formed by using the SYBR green kit (Bio-Rad). The gPCR protocol and
gene expression method (27 22°") were as described previously (14).

Immunoblotting. For Western blot analysis, cells were lysed with 2X
Laemmli loading buffer (124 mM Tris-HCI [pH 6.8], 4% SDS, 20% glyc-
erol, 0.02% bromophenol blue, 0.03% dithiothreitol [DTT]), sonicated
for 2 s, and then boiled for 5 min. The samples were loaded on 6% gels or
4 to 15% Mini-Protean TGX gradient gel (Bio-Rad). The proteins were
transferred on a nitrocellulose membrane (GE Healthcare) that was then
blocked in 10% milk. The primary antibodies were anti-actin (catalog no.
A5441; Sigma), anti-hTERT (manufacturer part no. 600-401-252; Rock-
land), anti-phospho-IkB (Cell Signaling Technology), and anti-hemag-
glutinin (HA) tag (clone 6E2; Cell Signaling Technology). Rabbit poly-
clonal antibodies against UBC9 (R201) and LLO (R176) were raised by
immunizing rabbits with purified recombinant LLO and UBC9 proteins.
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FIG 1 hTERT is critical for Listeria infection. HeLa cells were treated with
control, hTERT1, or hTERT2 siRNAs for 72 h, counted, and then infected with
L. monocytogenes EGD. (A) Thirty minutes after the beginning of infection,
cell-associated bacteria were quantified and normalized on control siRNA-
treated cells. (B) Thirty minutes after the beginning of infection, cells were
treated with 100 pg/ml gentamicin for 30 min. The intracellular bacteria were
counted and normalized on control siRNA-treated cells. (C) One hour after
infection, the cells were treated with 20 pg/ml gentamicin for 4 h. The percent-
ages of intracellular bacteria are relative to the control siRNA-treated cells. The
experiments were performed three times, and the results are shown as means
+ standard error of the means. The asterisks mark P values of <0.05, and ns
marks nonsignificant differences.

The sera were then purified against UBC9 and LLO to obtain the purified
antibodies (43).

Statistical analyses. Our results are expressed as the means of three
independent experiments. The error bars represent the standard errors of
the mean. The analyses were performed with Student’s t test, and the
statistical significance was established at P values of <0.05 or <0.001
(indicated by one or two asterisks, respectively, in Fig. 1, 2, 3, and 6).

RESULTS

hTERT is important for intracellular Listeria replication. To de-
termine the role of hTERT in the infectious process, we treated
HeLa cells with hTERT or control siRNAs and then infected them
with L. monocytogenes for either 30 min to assess bacterial adhe-
sion and entry or for 5 h to measure intracellular replication. After
30 min of infection, we observed that the number of cell-associ-
ated bacteria in hTERT-depleted cells was not significantly differ-
ent from that of control cells (Fig. 1A). In order to assess the effect
on bacterial entry, we infected HeLa cells for 30 min and then
treated them with 100 wg/ml gentamicin for another 30 min. No
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significant differences in bacterial entry were observed when com-
paring control cells with hTERT1 or hTERT2 siRNA-treated cells
(Fig. 1B). However, 5 h after infection, the number of intracellular
bacteria was significantly reduced in the cells treated with hTERT
siRNA compared to those in the control (Fig. 1C). We confirmed
this effect by quantifying intracellular bacteria via an immunoflu-
orescence approach (see Fig. S1 in the supplemental material).
These results suggest that hTERT is important for the intracellular
replication of Listeria.

Listeria monocytogenes induces a decrease in hTERT levels.
Based on the observation discussed above that hTERT plays a role
in Listeria infection, we examined whether infection with different
wild-type strains of L. monocytogenes or incubation with L. in-
nocua, a nonpathogenic Listeria species, would affect hTERT at
the protein level. The level of hTERT was analyzed by Western
blotting. We observed a decrease in hTERT levels upon infection
with L. monocytogenes for 1 h (Fig. 2A). To confirm the results
obtained with the antibody against hTERT (50), we transfected
HeLa cells with a plasmid expressing hTERT-HA and infected
these cells. LLO expression and the degradation of UBCY, a host
enzyme, were employed as markers of L. monocytogenes infection
(43). As observed with the endogenous protein, the level of
hTERT-HA decreased in the cells infected with L. monocytogenes
(Fig. 2B).

We next examined the levels of hTERT mRNA 1 h after infec-
tion of HeLa cells by L. monocytogenes or incubation with L. in-
nocua. We did not observe a significant difference in hTERT
mRNA levels between the infected and uninfected cells (Fig. 2C).
Moreover, we performed a similar experiment 3 h after infection
and found that Listeria infection did not modify hTERT mRNA
levels in those host cells. Trichostatin A (TSA), which is known to
inhibit histone deacetylases and to activate the hTERT promoter,
was used as a positive control for hTERT transcription activation
(9). As expected, and in contrast to Listeria infection, TSA induced
an approximately 1.72-fold increase in hTERT mRNA levels (see
Fig. S2 in the supplemental material). Taken together, our data
show that L. monocytogenes decreases the levels of the hTERT
mRNA without affecting its transcription.

The decrease of hTERT occurs early after infection. We next
examined the kinetics of the decrease in hTERT protein levels. A
time course analysis conducted 5 h after infection indicated that L.
monocytogenes reduces the levels of hTERT as soon as 1 h after the
addition of bacteria to HeLa cells (Fig. 3A). This effect was tran-
sient, as the hTERT levels in infected and uninfected cells were
similar 5 h after infection. We also observed that the decrease in
hTERT levels was dependent on the multiplicity of infection used
to infect the cells (Fig. 3B). These results definitively establish that
L. monocytogenes induces a decrease in hTERT levels during the
initial stages of infection.

L. monocytogenes induces a decrease in hTERT levels before
bacterial entry. We next examined whether a diminution in
hTERT levels depends on bacterial invasion. We infected cells
with wild-type L. monocytogenes or a AinlA AinlB mutant that is
strongly impaired in the invasion of HeLa cells. Both bacterial
strains induced a decrease in the hTERT levels, as assessed by
Western blotting (Fig. 4A). In contrast, the cells exposed to wild-
type L. innocua or L. innocua expressing InlB (which confers to L.
innocua the capacity to invade cells [6]) did not exhibit a decrease
in hTERT levels (Fig. 4A), suggesting that hTERT levels do not
decrease upon uptake of the nonpathogenic bacterium L. innocua.
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FIG 2 L. monocytogenes induces a decrease in hTERT levels. (A) HeLa cells
were infected for 1 h with L. monocytogenes strains (EGD-e, EGD, and L028) or
incubated with L. innocua. h\TERT, LLO, and actin were monitored by Western
blotting. (B) HeLa cells transiently expressing hTERT-HA were infected for 1
h with a wild-type L. monocytogenes strain (EGD-e, EGD, or L028) or incu-
bated with L. innocua. The cell lysates were analyzed by immunoblotting with
anti-HA, anti-actin, and anti-UBC9 antibodies. The quantifications of h\TERT
and HA levels shown in panels A and B were from three independent experi-
ments and are normalized to actin and shown relative to uninfected cells. The
results are shown as mean = standard errors of the mean. The asterisks mark P
values of <0.05, and ns marks nonsignificant differences. (C) hTERT mRNA
was extracted 1 h after the infection of HeLa cells with L. monocytogenes EGD
or L. innocua. Reverse transcription was performed, followed by real-time
PCR. hTERT expression levels were normalized to actin and are presented as
levels relative to uninfected cells. The data are the average of data from three
independent experiments, and error bars represent the standard errors of the
mean.

Similar results were observed with hTERT-HA-expressing cells
(Fig. 4B). In addition, the pretreatment of cells with cytochalasin
D, an inhibitor of actin polymerization that prevents L. monocy-
togenes entry (15), did not block hTERT decrease (Fig. 4A). These
results demonstrate that the decrease in hTERT levels does not
depend on bacterial invasion and is specific to L. monocytogenes.
Listeriolysin O is responsible for the reduction in hTERT lev-
els. Because hTERT was degraded in the presence of extracellular
bacteria, we next investigated whether a secreted factor could pro-
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FIG 3 hTERT decrease depends on the duration of infection and the number
of bacteria. (A) HeLa cells were infected with L. monocytogenes EGD or incu-
bated with L. innocua for the indicated times. Immunoblotting was performed
to monitor hTERT and actin levels. The hTERT signal was quantified and
normalized to actin, and data from three independent experiments were
pooled. The results are shown as means and standard errors of the mean. The
latter were relative to uninfected cells. One asterisk marks P values of 0.007,
and two asterisks mark P values of 0.0008. (B) HeLa cells were infected for 1 h
with L. monocytogenes EGD at different multiplicities of infection or incubated
with L. innocua, and hTERT and actin levels were revealed by Western blotting.

mote this effect. We tested the pore-forming toxin listeriolysin O
(LLO), a toxin first described as crucial for the escape of Listeria
from the internalization vacuole. This toxin is also secreted by
extracellular Listeria, and an increasing number of studies have
shown that it also acts at the level of the host plasma membrane
(21). We infected hTERT-HA-expressing HeLa cells or control
cells with wild-type L. monocytogenes or a mutant defective for
LLO, the Tn::hly mutant. Whereas a decrease of the hTERT or
hTERT-HA levels was observed in the cells infected with wild-type
L. monocytogenes, no effect was observed with the Tn::hly mutant
(Fig. 5A and B). The infection of cells with the complemented
strain (Tn::hly mutant with a plasmid coding for hly) induced a
decrease in h\TERT (Fig. 5A and B). These results suggest that LLO
is required to reduce hTERT protein levels.

To determine whether LLO alone was sufficient to induce a
reduction in hTERT levels, we treated cells with purified LLO at a
sublytic concentration, i.e., 3 nM for 20 min. Strikingly, LLO was
able to induce a significant decrease in hTERT levels (Fig. 5C).

To determine whether the pore-forming activity of LLO was
required to trigger hTERT degradation, we treated cells with mu-
tants of LLO that are affected in their hemolytic activity. The wild-
type version of LLO, LLOY, has the highest hemolytic activity,
followed in a decreasing manner by LLO“***A, LLOY*°**, and
LLOW™*9?A (43). As shown in Fig. 5D, a decrease of the h\TERT level
correlated with an increase in the hemolytic activity of LLO. This
result suggests that pores formed by LLO trigger hTERT degrada-
tion.
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FIG 4 L. monocytogenes causes a decrease in hTERT levels prior to host cell
invasion. (A) HeLa cells were treated or not treated with cytochalasin D for 1 h.
Then, cells were infected for 3 h with L. monocytogenes EGD or a AinlA AinlB
mutant. Cells were also exposed to wild-type L. innocua or to a mutant express-
ing InIB (+1InIB). The cell lysates were analyzed by immunoblotting with anti-
hTERT and anti-actin antibodies. (B) HeLa cells were transiently transfected
with a plasmid encoding hTERT-HA. Then, the cells were treated as described
for panel A. The immunoblot was probed with anti-HA, anti-UBC9, and anti-
actin antibodies.

Calcium contributes to hTERT degradation induced by L.
monocytogenes. To address the mechanism by which LLO in-
duced the decrease in hTERT levels, we examined whether it could
be prevented by inhibiting the activity of the proteasome with the
inhibitors MG132 and lactacystin (LC). The inhibition of protea-
some activity had no effect on the LLO-induced decrease of
hTERT (Fig. 6A), although as expected, the proteasome inhibitors
provoked accumulation of ubiquitin-protein conjugates in
treated cells (see Fig. S3A in the supplemental material).

To further investigate the molecular basis of the decrease in
hTERT levels, we pretreated cells with inhibitors of aspartyl pro-
teases (pepstatin methyl ester), cysteine proteases (loxistatin and
leupeptin), metalloproteases (bestatin methyl ester), and serine
proteases (AEBSF and leupeptin). We monitored the inhibitory
activity of pepstatin methyl ester through the partial resistance to
degradation that it conferred to UBC9 in the presence of LLO (see
Fig. S3B in the supplemental material) (43). The activities of leu-
peptin and loxistatin were tested through the inhibition of phos-
pho-IkB degradation, as reported previously (see Fig. S3C and D
in the supplemental material) (34), while AEBSF inhibited the
activation of serine proteases, as shown by the decreased activa-
tion (phosphorylation) of IkB (see Fig. S3C in the supplemental
material) (24, 34) and the inhibitory effect on the degradation of
phospho-IkB (see Fig. S3D in the supplemental material). The
addition of LLO decreased the levels of hTERT in the presence of
all tested protease inhibitors (Fig. 6B). We conclude that, under
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FIG 5 The pore-forming activity of listeriolysin O (LLO) is responsible for
hTERT degradation. Western blots probed for endogenous hTERT (A) or for
overexpressed hTERT-HA (or the empty vector as a control) (B). In both
panels (A and B), cells were infected for 1 h with L. monocytogenes strain L028
wild type (wt), with a mutant of the hly gene (Tn::hly), or with a complemented
strain expressing LLO [Tn:hly(pMK4 hly)]. Actin, HA, hTERT, LLO, and
UBC9 were monitored by immunoblotting. (C) HeLa cells were infected for 1
h with L. monocytogenes EGD wild type (wt) or with a mutant deleted for the
hly gene (Ahly). The cells were also exposed to L. innocua for 1 h or incubated
for 20 min with LLO. The cellular protein extracts were probed with anti-
hTERT and anti-actin antibodies. (D) HeLa cells were treated for 20 min with
LLO™ or the following mutants: LLO*#*4 LLOY2%°A, and LLO"***A, Immu-
noblotting was performed with anti-hTERT and anti-actin antibodies.

the conditions that we examined, the proteolytic activity necessary
for the reduction in hTERT levels in the presence of LLO could not
be impaired.

LLO pore formation provokes the permeability of the plasma
membrane to K+ and Ca** ions (4). K™ efflux leads to histone H3
dephosphorylation (20), while Ca®* influx plays a role during
bacterial entry and induces mitochondrial fragmentation (13, 47).
To study the implication of the two ions in the decrease of hTERT
levels, we prevented K™ efflux by incubating cells in high extracel-
lular concentrations of KCIl, while Ca®" influx was blocked by
incubating cells with EGTA, a calcium chelator. As shown in Fig.
6C and D, the pretreatment of cells with EGTA impaired the de-
crease in hTERT levels induced by LLO, while blocking K* efflux
had no effect. These results suggest that Ca** influx, rather than
K™ efflux, contributes to the decrease in hTERT levels in the pres-
ence of LLO.

DISCUSSION

In the present study, we provide the first evidence that hTERT is
important for Listeria infection. In addition, we show that L.
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were pretreated for 1.5 h with the indicated protease inhibitors (pepstatin
methyl ester [ME], bestatin methyl ester, loxistatin, AEBSF, and leupeptin)
before being exposed to LLO for 20 min. The cell extracts were probed with
anti-hTERT and anti-actin. (C) HeLa cells were incubated with KCI (with or
without LLO) or EGTA (with or without LLO). For pepstatin methyl ester
(PEM), the cells were first treated with the inhibitor for 1 h before the addition
of LLO. hTERT and actin levels were revealed by Western blotting. (D) Quan-
tifications of the hTERT levels shown in panel C from three independent
experiments are normalized to actin and shown relative to uninfected cells.
The results are shown as means * standard errors of the mean. One asterisk
marks P values of <0.05, two asterisks mark P values of <0.001, and ns marks
a nonsignificant difference.

monocytogenes is able to induce a decrease in hTERT levels
through the formation of LLO pores in the plasma membrane
prior to host cell invasion. The pores formed by LLO induce a
decrease of the hTERT level that is proteasome independent but
requires Ca’" influx.

L. monocytogenes induced an hTERT decrease without affect-
ing transcription of the hTERT gene. Because the half-life of
hTERT is around 6 h (28), the decrease of the hTERT level ob-
served 20 min after LLO treatment probably does not result from
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a decrease in hTERT translation but, rather, from posttransla-
tional regulation of the hTERT protein. Several studies have re-
ported that hTERT is degraded through the ubiquitin-proteasome
pathway (27, 29, 38). Here, we observed a decrease in hTERT
levels that was proteasome independent. Similarly, a proteasome-
independent pathway was suggested previously for the degrada-
tion of UBCY upon treatment with LLO (43). However, the deg-
radation of UBC9 involves an aspartyl protease and is calcium
independent (43). In contrast, we observed a contribution of cal-
cium to the pathway leading to the decrease of hnTERT levels. Cal-
cium is known to contribute to the activation of cysteine pro-
teases, such as calpains (46). However, other proteins belonging to
serine proteases, aspartyl proteases, or metalloproteases can also
be activated by the presence of calcium (16, 23, 35). We blocked
these classes of proteases using well-characterized inhibitors, but
under the conditions tested, none of the protease inhibitors im-
paired the decrease in hTERT levels. Two possible explanations
exist for the inability to prevent the reduction in hTERT levels
induced by LLO: (i) the doses of protease inhibitors and the du-
ration of the treatment were not sufficient to prevent the decrease
in hTERT levels, and (ii) proteolytic cleavage can be very specific.
For example, identification of the protease responsible for the
cleavage of paxillin upon treatment with the pore-forming toxin
a-hemolysin from uropathogenic Escherichia coli relied on a
highly specific trypsin-like serine protease inhibitor (tosyl-L-
lysine-chloromethyl ketone), while it was insensitive to the chy-
motrypsin-like serine protease inhibitor tosyl-L-phenylalanine-
chloromethyl ketone (12). Our current work is focusing on
identifying the molecular basis of the degradative pathways acti-
vated by LLO via proteomic analysis and genome-wide siRNA
screening approaches.

We found that hTERT was important for Listeria infection.
Our siRNA experiments show that reduced hTERT expression
early during infection does not impair bacterial adhesion and en-
try, yet it results in a decrease of the intracellular bacterial load at
later time points. The degradation of hTERT could therefore rep-
resent an event that protects host cells at a specific stage of the
Listeria infectious cycle. In the absence of siRNA treatment,
hTERT levels start recovering 5 h after infection, allowing for the
full intracellular replication of L. monocytogenes, further suggest-
ing that this antibacterial effect is time restricted. In addition, the
recovery of hTERT levels may contribute to cell survival, given the
proposed antiapoptotic role of h-TERT.

A decrease in hTERT levels could have important conse-
quences during an in vivo infection. Telomerase activity has been
detected in human adult stem cells, including hematopoietic and
nonhematopoietic stem cells (25). Secreted LLO could diffuse to
such progenitor cells or stem hematopoietic cells in colonized or-
gans. An LLO-induced decrease in hTERT levels in LLO-targeted
cells would lower their self-renewal capacity and therefore impair
the immune response and promote L. monocytogenes infection
(26, 36). It remains to be tested whether hTERT levels are affected
in vivo.

The first characterized role of hTERT concerns telomere elon-
gation that contributes to the extension of cellular life span (5). To
detect this effect, cells have to be followed through several gener-
ations. However, given that long-term infections (for more than
48 h) are toxic in HeLa cells and the observed L. monocytogenes-
induced reduction of hTERT levels was followed by a recovery
process, we did not expect to provoke detectable effects on telo-
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mere length in Hela cells. In agreement with this, all of our at-
tempts to detect a change in telomere length were unsuccessful.

Most virus-induced tumor cells possess high telomerase activ-
ity but short telomeres (3). Indeed, h-TERT can extend the cellular
life span without inducing net telomere lengthening (37, 51). It is
possible that L. monocytogenes affects the recently described non-
canonical functions of hTERT (31). As mentioned, hTERT was
shown to play roles in processes as diverse as DNA damage, Wnt
signaling, and the decrease of the RNA component of a mitochon-
drial RNA-processing endoribonuclease (RMRP). These roles of
hTERT seem to be at least partially independent of each other
(37). Indeed, while hTERT induced cell proliferation indepen-
dently of an increase in Wnt signaling, it was associated with a
decrease in RMRP levels (37). The next challenge will thus be to
determine whether noncanonical functions of hTERT are neces-
sary for bacterial infection and which specific function of h\TERT
is targeted by bacterial infection.
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