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Pseudomonas aeruginosa Alkyl Quinolones Repress Hypoxia-Inducible
Factor 1 (HIF-1) Signaling through HIF-1a Degradation
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The transcription factor hypoxia-inducible factor 1 (HIF-1) has recently emerged to be a crucial regulator of the immune re-
sponse following pathogen perception, including the response to the important human pathogen Pseudomonas aeruginosa.
However, as mechanisms involved in HIF-1 activation by bacterial pathogens are not fully characterized, understanding how
bacteria and bacterial compounds impact on HIF-1« stabilization remains a major challenge. In this context, we have focused on
the effect of secreted factors of P. aeruginosa on HIF-1 regulation. Surprisingly, we found that P. aeruginosa cell-free superna-
tant significantly repressed HIF-1a protein levels. Further characterization revealed that HIF-1oe downregulation was dependent
on a subset of key secreted factors involved in P. aeruginosa pathogenesis, the 2-alkyl-4-quinolone (AQ) quorum sensing (QS)
signaling molecules, and in particular the pseudomonas quinolone signal (PQS). Under hypoxic conditions, the AQ-dependent
downregulation of HIF-1c was linked to the suppressed induction of the important HIF-1 target gene hexokinase II. Further-
more, we demonstrated that AQ molecules directly target HIF-1a protein degradation through the 26S-proteasome proteolytic
pathway but independently of the prolyl hydroxylase domain (PHD). In conclusion, this is the first report showing that bacterial
molecules can repress HIF-1a protein levels. Manipulation of HIF-1 signaling by P. aeruginosa AQs could have major conse-
quences for the host response to infection and may facilitate the infective properties of this pathogen.

he ability of the human host to respond effectively to microbial

infection requires the rapid implementation of molecular and
cellular responses via activation of a battery of transcription fac-
tors, of which NF-kB is the best known (9). In recent years, the
hypoxia-inducible factor-1 (HIF-1) transcription factor has
emerged as a crucial component of the host defense in response to
inflammation (6) and infection (13, 34, 59). HIF-1, described as
the master regulator of the hypoxic response (53), is composed of
two protein subunits, HIF-1a and HIF-1B. However, HIF-1
transcriptional activity is principally dependent on HIF-la
protein stabilization (53). Whereas the HIF-1f subunit is
mainly constitutively expressed and stable within the cells,
HIF-1a protein expression is strongly regulated at a posttrans-
lational level. The prolyl hydroxylase domain (PHD) enzymes
are one of the main regulators of HIF-1a protein expression,
through an oxygen-dependent hydroxylation mechanism (21,
46). Hydroxylated HIF-1a proteins are subsequently recognized
and bound by the von Hippel-Lindau (pVHL) ubiquitin E3
ligase complex, labeling HIF-1aw with ubiquitin protein, in
what is the final step of HIF-1a degradation by the 26S protea-
some machinery (21, 46). Hypoxia, by inhibiting PHD activity,
consequently prevents HIF-1a degradation, leading to activa-
tion of HIF-1. Target genes of HIF-1 regulate several biological
processes, including cell survival, angiogenesis, and energy me-
tabolism, that allow the cell, tissue, and organism to adapt to
cellular stress caused by oxygen deficiency (47).

Recent research has suggested that activation of HIF-1 also
occurs in response to infections with human pathogens (55). To
date, a number of Enterobacteriaceae species (18), including Esch-
erichia coli (3), Chlamydia (44, 49), Pseudomonas aeruginosa (26,
40, 48), and group A Streptococcus (39, 40), have all been shown to
stabilize HIF-1a in both immune and epithelial cells. Stabilization
of HIF-1a and subsequent HIF-1 activation promote the release
of antimicrobial peptides such as cathelicidins and granule pro-
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teases and stimulate the production of nitric oxide and tumor
necrosis factor alpha (TNF-a) (34, 40). However, whereas the role
of HIF-1 in response to infection has been clearly established,
molecular mechanisms underpinning stabilization of HIF-1a by
bacterial pathogens are not fully characterized. General mecha-
nisms linked to infection itself, such as the hypoxic environment
created by bacterial oxygen consumption, have been proposed to
be in part responsible for HIF-1 activation upon infection (34).
Moreover, microbial factors such as chemically synthesized lipo-
polysaccharide (LPS) from E. coli (15) and purified siderophores
from Enterobacteriaceae (18) have also been shown to be involved
in the stabilization of HIF-1a.

However, in the case of P. aeruginosa, the predominant patho-
gen associated with respiratory disease and morbidity and mortal-
ity in cystic fibrosis (CF) patients (36), the exact mechanism(s) by
which P. aeruginosa causes activation of the HIF-1 pathway is still
not known. P. aeruginosa is known to produce a range of extracel-
lular virulence factors, such as proteases, exotoxins, and sidero-
phores, which are crucial for the initial colonization and persis-
tence of the infection (4). Many of the virulence factors secreted by
P. aeruginosa have been shown to be regulated by a cell density-
dependent gene regulatory signaling mechanism known as quo-
rum sensing (QS). QS systems are activated upon accumulation of
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signal molecules and control the production of virulence factors
above a threshold or quorum. Since the secretion of these extra-
cellular molecules is more beneficial at higher cell densities (7), QS
systems provide an exquisite level of control over the expression of
key cellular traits linked to virulence and pathogenesis. In addition
to the acyl homoserine lactone (AHL) QS class, the 2-alkyl-4-
quinolone (AQ) family plays a key role in the P. aeruginosa QS
network (12, 20). Among the 56 AQs produced by P. aeruginosa
(27), pseudomonas quinolone signal (PQS) and its immediate
precursor 2-heptyl-4-quinolone (HHQ) are the best characterized
and have been detected in sputum of CF patients (5, 16, 29), indi-
cating that they are secreted into the host environment.

Therefore, in light of the recent reports describing the signifi-
cant impact of P. aeruginosa secreted factors such as pyocyanin
(17) and QS signal molecules, including both AHLs (32) and AQs
(24), on gene expression and the immune response in eukaryotic
cells, we decided to investigate the effect of P. aeruginosa extracel-
lular factors on HIF-1. As to date, bacteria and bacterial com-
pounds have been shown to lead to HIF-1a protein accumulation
(3,15, 18,25, 26, 39, 40, 44, 49, 55), it was therefore unexpected to
find that P. aeruginosa AQ signaling molecules suppressed HIF-1o
protein levels. Destabilization occurred through degradation by
the 26S proteasome machinery and resulted in modulation of the
HIF-1 target gene HKII. To our knowledge this is the first report of
a bacterial factor known to suppress HIF-1a stabilization.

MATERIALS AND METHODS

Bacterial strains and reagents. Wild-type (wt) PA14 and the transposon
insertion mutants PA14_MrT7:pgsA (PA0996) (mutant ID 23621),
PA14_MrT7:pgsH (PA2587) (mutant ID 47950), and PA14_MrT7::pgsL
(PA4190) (mutant ID 45060) were obtained from the P. aeruginosa trans-
poson mutant library (28), and insertion was verified by PCR. P. aerugi-
nosa PAO1 wt was originally obtained from B. Iglewski. All the strains
were cultivated routinely in LB medium at 37°C under agitation (150
rpm), unless stated otherwise. All reagents were obtained from Sigma-
Aldrich, unless stated otherwise.

Cell culture. IB3-1 (ATCC CRL-2777) is a bronchial epithelial cell line
derived from a CF patient with CFTR AF508/W1282X alleles purchased
from the American Type Culture Collection (ATCC, LGC Standards). S9
cells (ATCC CRL-2778) are IB3-1 cells corrected for CFTR expression by
transfection with wild-type adeno-associated viral CFTR (AAVCFTR).
CFTE290™ is a tracheo-bronchial epithelial cell line derived from a CF
patient with CFTR AF508/AF508 alleles obtained as a gift from D. C.
Gruenert. A549 (ATCC CCL-185) is alung adenocarcinoma epithelial cell
line derived for a patient with a lung carcinoma. IB3-1 and S9 cells were
cultured using LHC-8 medium (Invitrogen) as previously described (26).
CFTE and A549 cells were cultured using minimal essential medium
(MEM) M7278 supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin. Cells
were maintained at 37°C in a humidified 5% CO, atmosphere and used up
to passage twenty. Hypoxic conditions (1% O,) were created using a hyp-
oxia chamber (Coy Scientific) by injection of nitrogen gas. For all exper-
iments, cells were used when the confluence reached 80% and all treat-
ments were performed for 16 h.

P. aeruginosa cell-free culture supernatants and 2-alkyl-4-quino-
lone (AQ) extract preparation. Bacterial strains were cultured with a
starting optical density (OD) of 0.05 at 600 nm for 7 h in LHC-8 medium
(Invitrogen). The OD was adjusted to 1.8, corresponding to the late ex-
ponential phase of growth, and supernatants were collected by centrifu-
gation (4,000 X g for 10 min) and filtered twice using 0.22-pm pores.
Similar culture conditions were used for the preparation of the AQ ex-
tracts except that strains were grown in LB and centrifugation was per-
formed at 10,000 X g. Extraction of AQs by acidified ethyl acetate was
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performed as described by Fletcher et al. (14). Extracts were dried and
concentrated 200X in methanol. The quality of the P. aeruginosa extracts
were verified by thin-layer chromatography (TLC) as previously de-
scribed (14). All extracts were diluted 1/5, 1/15, 1/25, and 1/50 in cell
culture medium, which is equivalent to multiplicities of infection (MOIs)
of 500, 166, 100, and 50 to 1 eukaryotic cell, respectively.

Western blot analysis. Total proteins were isolated by sonication of
cell in lysis buffer composed of 50 mM HEPES, pH 7.5, 150 mM NaCl, 1
mM EDTA, pH 8, 2.5 mM EGTA, pH 7.4, 0.1% Tween 20, 10% glycerol,
0.1 mM sodium orthovanadate, I mM sodium fluoride, 10 mM B-glycer-
ophosphate, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 1X
complete protease inhibitor cocktail (Roche).

A 10- to 20- g sample of proteins was resolved on 8% SDS-PAGE and
transferred to a nitrocellulose membrane (0.45-pm pore size) (Amer-
sham). Mouse anti-human HIF-1a (610958, clone 54; BD Transduction
Laboratories) and mouse anti-human heat shock cognate 70 (HSC70)
(B-6, sc-7298; Santa Cruz Biotechnology), used as loading controls, were
diluted, respectively, at ratios of 1:1,000 and 1:10,000. A second mouse
antibody (Dako) was used at a dilution of 1:1,000. Detection was per-
formed using enhanced chemiluminescence (ECL; Fisher Scientific,
Pierce).

RNA isolation, reverse transcription, and quantitative real-time
PCR. Total RNA was extracted from airway epithelial cells using the
RNeasy minikit (Qiagen). After DNase treatment using RQ1 RNase-free
DNase (Promega), 1 ug of RNA was reverse transcribed into cDNA using
oligo(dT) primer and avian myeloblastosis virus (AMV) reverse trans-
criptase (Promega). Quantitative real-time PCR was performed using the
FastStart TagMan probe master mix (Roche) and the PTC-200 thermo-
cycler (M] Research). The following primer pairs were used at a final
concentration of 200 nM with the corresponding Roche probe number in
parentheses at a final concentration of 200 nM: HPRT1-F, 5'-TGACCTT
GATTTATTTTGCATACC-3’,and HPRT1-R, 5'-CGAGCAAGACGTTC
AGTCCT-3' (no. 73); HIF-1a-F, 5 -TTTTTCAAGCAGTAGGAATTGG
A-3', and HIF-1a-R, 5'-GTGATGTAGTAGCTGCATGATCG-3" (no.
66); and HKII-F, 5'-TCCCCTGCCACCAGACTA-3’, and HKII-R, 5'-T
GGACTTGAATCCCTTGGTC-3’ (no. 54). The relative quantification of
mRNA levels was calculated with the 274" method using HPRT-1
threshold cycle (C;) values for normalization.

Cytotoxicity assay. The release of lactate dehydrogenase (LDH) into
cell culture supernatants was measured using an LDH cytotoxicity detec-
tion kit (Roche) according to the manufacturer’s instructions.

Statistical analysis. Three independent biological replicates were per-
formed for all experiments described in this paper. Statistical analysis was
performed using a two-tailed unpaired Student’s ¢ test. Differences were
considered significant if the P value was <0.05.

RESULTS

P. aeruginosa cell-free culture supernatants downregulate
HIF-1« protein levels. In order to identify the impact of extracel-
lular molecules produced by P. aeruginosa on HIF-1a protein lev-
els, cell-free culture supernatants were coincubated with IB3-1
airway epithelial cells. We found that culture supernatants from
both P. aeruginosa strains PA14 and PAO1 led to a marked repres-
sion of HIF-1a protein levels (Fig. 1A). This observation was un-
expected, as previously we showed that direct coculture of P.
aeruginosa with IB3-1 cells induced HIF-1a protein stabilization
(26) and to date bacterial secreted compounds have only been
shown to induce HIF-1a protein levels (15, 18).

P. aeruginosa cell-free culture supernatants downregulate
HIF-1a protein levels in a psqA-dependent manner. To further
investigate this novel observation, we targeted the 2-alkyl-4-quin-
olone (AQ) signaling pathway since the production of extracellu-
lar factors by P. aeruginosa is significantly dependent on this in-
tercellular signaling system and AQ signal molecules have been
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FIG 1 P. aeruginosa AQ signaling molecules, including PQS, downregulate HIF-1a protein levels. (A) Expression of HIF-1a and HSC70 (loading control)
proteins in human airway epithelial cells (IB3-1 cells) in untreated control conditions or after incubation with P. aeruginosa cell-free culture supernatants from
PA14 or PAOI strains (expressing AQs) at a dilution corresponding to an MOI of 100:1 for 16 h. (B) Expression of HIF-1a and HSC70 (loading control) proteins
in human airway epithelial cells (IB3-1 cells) in untreated control conditions or after incubation with P. aeruginosa cell-free culture supernatants from a PA14
pgsA mutant (impaired AQ production), a PA14 pgsL mutant (producing AQs and overproducing PQS) or PA14 wt at a dilution corresponding to an MOI of
100:1 for 16 h. (C) Release of LDH in cell culture medium of airway epithelial cells (IB3-1) treated with 0.1% Triton X-100, methanol (MeOH), or acidified ethyl
acetate extracts from LB (control) or from cell-free culture supernatants of P. aeruginosa PA14 pqsA, pgsH (producing all AQs except PQS), or pgsL mutants, or
PA14 wt at a dilution corresponding to an MOI of 500:1 for 16 h. Cytotoxicity is expressed as a percentage of the total amount of LDH released from airway
epithelial cells treated with 0.1% Triton X-100, given the arbitrary percentage of 100. Phase-contrast microscopy of IB3-1 cells treated with methanol (MeOH)
or 0.1% Triton X-100 or acidified ethyl acetate extracts from culture supernatants of P. aeruginosa PA14 pgsA or PA14 wt at a dilution for 16 h corresponding to
an MOI of 500:1. Original magnification, X40. (D) Expression of HIF-1aeand HSC70 (loading control) proteins in airway epithelial cells (IB3-1 cells) treated with
methanol (MeOH) or acidified ethyl acetate extracts from LB (control) or from cell-free culture supernatants of P. aeruginosa PA14 pgsA, pqsH, or pqsL mutants
or PA14 wt at a dilution corresponding to an MOI of 500:1, 166:1, 100:1 and 50:1 for 16 h. (E) Expression of HIF-1a and HSC-70 (loading control) proteins in
airway epithelial cells (IB3-1 cells) treated with methanol (MeOH) or chemically synthesized PQS, HHQ or PQS and HHQ lacking its alkyl chain, termed,
respectively, PQS-C, and HHQ-C,, at 10 uM for 16 h.

HIF-1a

HSC70

recently shown to modulate the expression of two regulators of the
HIF-1 pathway (23, 24), NF-kB (43, 52) and early growth factor 1
(EGR1) (37, 51). Therefore, IB3-1 cells were incubated with cul-
ture supernatants from a P. aeruginosa PA14 wt strain, an isogenic
PpgsA mutant strain impaired in AQ production (PA14 pgsA) (10),
and an isogenic pgsL mutant strain (PA14 pgsL), known to pro-
duce all AQs and to overproduce the principal AQ signal mole-
cule, PQS (8). None of the strains displayed a growth effect, as
shown by growth curve analysis (data not shown). Subsequent
analysis of HIF-1a protein levels revealed that culture supernatant
from the pgsA mutant was unable to repress HIF-1a protein levels
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compared to supernatant from the pgsL mutant or from the PA14
wt strain (Fig. 1B). This suggests for the first time that P. aerugi-
nosa AQ signal molecules may play a role in the inhibition of
HIF- 1o protein accumulation in airway epithelial cells.

P. aeruginosa AQ signal molecules downregulate HIF-1ax
protein levels. As the PA14 pgsA mutant is also impaired in the
production of several other extracellular molecules, such as
phenazines and pyocyanin (10), a specific extraction of AQs by
acidified ethyl acetate was performed. The relative quantity of PQS
present in the extracts was estimated by TLC in comparison with
synthetic PQS and HHQ standards (see Fig. S1 in the supplemen-
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tal material). The PA14 wt extract contained a concentration of
PQS of approximately 15 wM; the PA14 pgsL mutant contained a
PQS concentration of about 45 WM, whereas as expected the pgsA
mutant contained no PQS (Fig. S1). Furthermore, PQS was not
detected in extracts from a pgsH mutant, which does not possess
the enzymatic activity required to convert HHQ into PQS (11)
(Fig. S1).

To rule out a general stress response caused by cellular damage,
the potential cytotoxic effect of the extracts was assessed at a dilu-
tion corresponding to the highest MOI of 500:1. No increased
release of lactate dehydrogenase (LDH) in the cell culture medium
(Fig. 1C) was detected in response to all the extracts, and no sig-
nificant changes in cell morphology were observed, as illustrated
with IB3-1 cell imaging in the presence of extracts from the PA14
pgqsA mutant and PA14 wt (Fig. 1C).

All AQ extracts were subsequently tested for their ability to
reduce HIF-1a protein levels in IB3-1 cells. AQ extracts from
PA14 wt and the PA14 pgsL mutant led to a marked concentra-
tion-dependent repression of HIF-1a protein levels compared to
control conditions (methanol-treated cells or extract from LB me-
dium alone) (Fig. 1D). Extracts from a pgsH mutant only partially
inhibited HIF-la protein levels, suggesting a role for PQS,
whereas extract from the pgsA mutant was unable to repress
HIF-1a protein levels (Fig. 1D). In contrast, protein levels of the
second HIF-1 protein subunit, HIF-1, were not affected by any
of the AQ extracts tested in IB3-1 cells (see Fig. S2 in the supple-
mental material). As CFTR-corrected IB3-1 cells (S9 cells) and
human lung epithelial cells (A549 cells) respond similarly (data
not shown), we conclude that HIF-1a protein repression was not
linked to the CF status and CFTR mutation(s).

PQS is directly involved in the downregulation of HIF-1o
protein levels. To decipher which P. aeruginosa AQ(s) was re-
sponsible for the inhibition of HIF-1a protein accumulation, the
two major and active AQs detected in the sputum of CF patients
(5, 16, 29), PQS and its precursor HHQ, previously chemically
synthesized (41), were tested for their ability to modulate HIF-1a
protein levels in IB3-1 cells. A physiologically relevant concentra-
tion of 10 uM each synthetic AQ was used. Whereas HHQ did not
significantly affect HIF-1a protein levels, PQS strongly repressed
HIF-1a protein levels in IB3-1 airway epithelial cells (Fig. 1E).
Importantly, this repression was still significant for a PQS concen-
tration of 1 WM (data not shown). The alkyl side chains of PQS
and HHQ have been shown to be fundamental in modulating
microbial behavior (41). Therefore, the effect of PQS and HHQ
analogues lacking the alkyl chains (41), termed PQS-C, and
HHQ-C,, respectively, on HIF-1a protein levels was tested. PQS-
mediated HIF-1a protein repression was abrogated in epithelial
cells in response to PQS-C, (Fig. 1E), suggesting that the alkyl side
chain of PQS is important for the downregulation of HIF-1la.
Similar to HHQ, HHQ-C, had no effect on HIF-1a protein levels.

Altogether, AQ-dependent downregulation of HIF-1a protein
could at least in part be attributed to PQS. However, as extract
from a P. aeruginosa PA14 pqsH mutant, which produces AQs,
including HHQ, but not PQS, was also able to partially inhibit
HIF-1a protein accumulation, an as-yet-unidentified but distinct
AQ might play a role similar to that of PQS.

Under hypoxic conditions, P. aeruginosa AQ signaling mol-
ecules downregulate HIF-1a protein levels and repress HIF-1
target gene expression. Downregulation of the protein subunit
HIF-1a levels by AQ signal molecules could have dramatic conse-
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quences for the cell. This is particularly relevant in the molecular
and cellular management of hypoxic stress, such as that encoun-
tered in chronically P. aeruginosa-infected lungs of CF patients (2,
56). In order to determine if P. aeruginosa AQs were able to repress
hypoxia-mediated HIF-la stabilization, airway epithelial cells
were exposed to hypoxic conditions (1% O, for 16 h) with or
without P. aeruginosa extracts used at a dilution corresponding to
a physiologically relevant PQS concentration (ca. 3 uM for pgsL
extract, equivalent to an MOI of 166:1). AQ signal molecules
(PA14 pgsL and wt extracts) were able to strongly downregulate
hypoxia-mediated HIF-1a stabilization in both IB3-1 and CFTE
cells (Fig. 2A). Consistent with the role for AQs in mediating this
repression, extracts from the pgsA mutant failed to influence
HIF-1a stabilization in either cell line under hypoxia (Fig. 2A).
Surprisingly, HIF-1a was not strongly stabilized by hypoxia in the
IB3-1 airway epithelial cells compared to the CFTE airway epithe-
lial cell line (Fig. 2A). The difference between these two cell lines
may be explained by the high levels of HIF-1a protein already
present under normoxic conditions in IB3-1 cells.

As proof of concept, we investigated if a downstream target of
HIF-1 was in turn influenced by AQ extracts during hypoxia. Air-
way epithelial cells are known to be tolerant to hypoxia due to the
rapid implementation of adaptive strategies, including the in-
crease of glucose metabolism in order to preserve ATP supply by
upregulating the expression of glycolytic enzymes. One of these,
the hexokinase IT (HKII), has been already shown to be induced in
the human lung epithelial cell line A549 under hypoxic conditions
(42). Therefore, evaluation of HKII expression was undertaken in
CFTE cells under hypoxic conditions in the presence of P. aerugi-
nosa PA14 pgsA, pqsL, and wt cell extracts. By comparison to hy-
poxic conditions, while extract from the pgsA mutant did not
affect the induction of HKII under hypoxic conditions (Fig. 2B),
the induction of this important HIF-1 target gene was strongly
and significantly repressed in the presence of either P. aeruginosa
PA14 pgsL or wt extracts (Fig. 2B). Repression of HKII mRNA
expression by the pgsL extract was still significant in comparison
with that by the pgsA extract under hypoxia. Taken together, these
results suggest that P. aeruginosa AQ signaling molecules, by in-
hibiting HIF-1a protein subunit accumulation under hypoxia,
repress induction of the hypoxia-mediated HIF-1 target, HKIIL.

P. aeruginosa AQ signaling molecules do not affect HIF-1at
mRNA level. In order to investigate the mechanism by which P.
aeruginosa AQ signal molecules repressed the HIF-1a protein
level, we first investigated if HIF-1a expression was modulated at
the mRNA level in IB3-1 cells. The HIF-1oo mRNA level was not
significantly affected in response to P. aeruginosa extracts com-
pared to the control methanol conditions (Fig. 3), indicating that
downregulation of HIF-1a protein by P. aeruginosa AQs is not due
to a modulation of its transcript expression.

Oxidative stress is not involved in HIF-1a protein down-
regulation by P. aeruginosa AQ extracts. As PQS has recently
been shown to have an antioxidant/prooxidant activity (19) and
since oxidative stress and reactive oxygen species (ROS) are in-
volved in the modulation of HIF-1a protein expression (50, 54),
the potential role of ROS production in P. aeruginosa AQ-medi-
ated HIF-1a downregulation was assessed by using both antioxi-
dant and ROS scavenger compounds. However, treatments of
IB3-1 airway epithelial cells by either the antioxidant N-acetyl
cysteine (NAC) (data not shown) or the ROS scavenger dimethyl
sulfoxide (DMSO) (data not shown) were not able to prevent the
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FIG 2 P. aeruginosa AQ signaling molecules downregulate HIF-1a protein
levels under hypoxic conditions: repression of the hypoxia-mediated HKII
induction. (A) Expression of HIF-1a and HSC70 (loading control) proteins in
airway epithelial IB3-1 or CFTE cells in normoxic conditions (Normoxia) or
hypoxic conditions (Hypoxia), alone or in association with acidified ethyl
acetate extracts from cell-free culture supernatants of P. aeruginosa PA14 pgsA
or pgsL mutants or PA14 wt at a dilution corresponding to an MOI of 166:1 for
16 h. (B) Expression of HKII mRNA in airway epithelial cells (CFTE cells) in
hypoxic conditions (Hypoxia), alone or in association with acidified ethyl
acetate extracts from cell-free culture supernatants of P. aeruginosa PA14 pgsA
or pgsL mutants or PA14 wt at a dilution corresponding to an MOI of 166:1 for
16 h. HKII mRNA fold change is expressed as mean * standard deviation (n =
3) and relative to hypoxic conditions, given the arbitrary value of 1. Two-tailed
unpaired Student’s ¢ test was performed (¥, P value =< 0.05; **, P value =< 0.01).

downregulation of HIF-1a protein levels by P. aeruginosa AQ ex-
tracts. This suggests that ROS and oxidative stress are not involved
in the mediation of HIF-1a destabilization by P. aeruginosa AQs.

P. aeruginosa AQ signaling molecules lead to HIF-1a pro-
tein degradation via a 26S proteasome-dependent mechanism
but in a PHD- and calpain-independent manner. The best-
known mechanism for controlling HIF-1a expression is protein
degradation via the 26S proteasome machinery, raising the possi-
bility that P. aeruginosa AQ-mediated HIF-1a protein repression
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FIG 3 P. aeruginosa AQ signaling molecules do not affect HIF-la. mRNA
transcript levels. Expression of HIF-1ae mRNA in airway epithelial cells (IB3-1
cells) treated with methanol (MeOH) or acidified ethyl acetate extracts from
LB (control) or from cell-free culture supernatants of P. aeruginosa PA14 pqsA,
pgsH, or pgsL mutants or PA14 wt at a dilution corresponding to an MOI of
166:1 for 16 h. HIF-1ae mRNA fold change is expressed as mean = standard
deviation (n = 3) and relative to methanol control conditions, given the arbi-
trary value of 1.

may act at this posttranslational level. However, before it can be
degraded by the proteasome, HIF-1a protein must first be hy-
droxylated by PHD enzymes and subsequently bind with pVHL
(21, 46). In order to study the potential involvement of the PHD
pathway in AQ-mediated HIF-1a protein repression, two chemi-
cal PHD inhibitors were utilized. As expected, both dimethylox-
aloylglycine (DMOG) (Fig. 4A) and 2,2'-dipyridyl (DP) (Fig. 4B)
led to the stabilization of HIF-1a in IB3-1 cells compared to un-
treated control cells. HIF-1a stabilization by PHD inhibitors was
maintained in the presence of methanol, LB, or pgsA extracts.
However, HIF-1a protein was markedly less stabilized by PHD
inhibitors in the presence of the PA14 pgsL and PA14 wt extracts
and less stabilized in the presence of the PA14 pgsH extract. Thus,
these results suggest that P. aeruginosa AQ-mediated HIF-1a pro-
tein repression occurs independently of the PHD pathway. More-
over, the same results were observed in CFTE cells in the presence
of the DP molecule (see Fig. S3 in the supplemental material).

As it has been reported that degradation of the HIF-1a protein
can also occur through an alternative pathway requiring calpain
activation (33, 58), the involvement of this pathway was investi-
gated. However, in the presence of two calpain inhibitors,
N-acetyl-Leu-Leu-methional (ALLM) and the calpastatin pep-
tide, HIF-1a protein was still completely downregulated by P.
aeruginosa AQ signaling molecules (see Fig. S4 in the supplemen-
tal material).

However, it has been reported that degradation of the HIF-1a
protein can still occur via the 26S proteasome independently of
the pVHL/PHD or calpain enzymes (57). Therefore, the effect of
P. aeruginosa extracts on HIF-1a protein levels in IB3-1 cells was
investigated in the presence of 26S proteasome inhibitors. Inter-
estingly, Z-Leu-Leu-Leu-al (MG132) (Fig. 4C) and N-acetyl-Leu-
Leu-norleucinal (MG101) (Fig. 4D), two 26S proteasome inhibi-
tors, stabilized HIF-1a protein in the presence of all extracts, and
similar results were observed with CFTE cells with MG132 (see
Fig. S3 in the supplemental material). Therefore, P. aeruginosa AQ
extracts, in the presence of the 26S proteasome inhibitors, were no
longer able to repress HIF-1a protein levels. Thus, we can con-
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FIG 4 P. aeruginosa AQ signaling molecules mediate HIF-1aw degradation
through a PHD-independent but 26S proteasome-dependent mechanism. Ex-
pression of HIF-1ae and HSC70 (loading control) proteins in airway epithelial
cells (IB3-1 cells) untreated or treated with the PHD inhibitors DMOG (500
M) (A) and DP (50 pM) (B) or with the 26S proteasome inhibitors MG132 (1
M) (C) and MG101 (25 pM) (D), alone or in association with methanol
(MeOH) or acidified ethyl acetate extracts from LB (control) or from cell-free
culture supernatants of P. aeruginosa PA14 pqsA, pqsH, or pqsL mutants or
PA14 wt at a dilution corresponding to an MOI of 166:1 for 16 h.

clude that P. aeruginosa AQs degrade HIF-1a protein through the
26S proteasome pathway but independently of the PHD and cal-
pain pathways.

DISCUSSION

Activation of HIF-1 signaling and subsequent induction of HIF-1
target genes postinfection has emerged as a key step in the activa-
tion of innate immunity and the proinflammatory response to
infection (39, 40). Here we demonstrate that P. aeruginosa-se-
creted AQ intercellular signaling molecules, and in particular
PQS, can downregulate HIF-1a protein levels. This is the first
evidence of bacterial compounds having a negative impact on
HIF-1a levels; all previous data have shown an accumulation of
HIF-1a protein in response to bacterial compounds (siderophore
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and LPS) (15, 18) and to direct contact with bacteria, including P.
aeruginosa (3, 15, 18, 25, 26, 39, 40, 44, 49, 55).

Previously, we showed that the alkyl side chain was crucial
for PQS in its role in modulating microbial behavior (41). This
side chain was also fundamental to AQ-mediated HIF-1a de-
stabilization, indicating the importance of this alkyl chain in
signal transduction. A steep potency curve for AQ-mediated
HIF-1a destabilization was observed, which could point to the
fact that a threshold for the detection of AQs might be neces-
sary in order to degrade HIF-1a. Threshold levels of AQs could
be reached during chronic infection, which might lead to the
destabilization of HIF-1a and subsequent modulation of the
immune response (Fig. 5).

Destabilization of HIF-1a by P. aeruginosa signaling molecules
may represent an adaptive strategy by the pathogen to counter the
deleterious effects of immune activation arising from HIF-1a sta-
bilization upon initial contact. This is particularly significant in
the context of CF disease, as PQS has been found in the sputum of
CF patients (16). Moreover, HHQ and PQS have been shown to
have immunomodulatory activity. Kim and others demonstrated
that both HHQ and PQS downregulated the immune response
through the NF-kB pathway in mouse macrophage cell lines (23,
24), while a non-AQ-producing PA14 pgsA mutant was shown to
be avirulent in mouse burn wound infection models (10). In ad-
dition, it has been shown that P. aeruginosa is capable of recogniz-
ing activation of HIF-1la in epithelial cells (38). Activation of
HIF-1a was shown to result in the secretion of an adenosine-type
compound from host cells that triggers the production of PQS-
regulated PA-I lectin in P. aeruginosa (38). Therefore, subsequent
destabilization of HIF-1a by P. aeruginosa AQ signaling molecules
may represent a microbial countermeasure to the host response
during infection.

HIF-1a destabilization occurred through its specific degra-
dation via the ubiquitin 26S proteasome proteolytic pathway
but independently of the hydroxylation mediated by PHD or
the calpain pathway. This interesting aspect of the mechanism
through which P. aeruginosa AQ signal molecules degrade
HIF-1a remains to be elucidated and warrants further charac-
terization. However, Kruppel-like factor 2 (KLF2) could be
considered a potential candidate in light of recent reports re-
vealing its role in PHD-independent HIF-1a proteasomal deg-
radation, through direct disruption of the HSP90/HIF-1la
complex (22). In addition, signaling pathways of KLF2 and
HIF-1 have been recently shown to be interconnected upon
bacterial infection (30, 31). A second consideration could be
direct interference with the ubiquitination stage of protein
degradation, as evidence has already revealed that microbial
compounds could target this pathway (45). Indeed, the se-
creted virulence factor Cif from P. aeruginosa has been shown
to increase the degradation of CFTR in lysosomes, through the
reduction of USP10-mediated deubiquitination of CFTR (1).
Therefore, further investigation is warranted in order to fully
understand the mechanisms through which P. aeruginosa in-
fluences the host response at the site of infection and, particu-
larly, to better characterize the role of the ubiquitination in this
process.

Development of antagonists of Pseudomonas AQs, which
may prevent HIF-1 degradation and may decrease the produc-
tion of Pseudomonas virulence factors, could be considered a
promising new strategy in the treatment of P. aeruginosa infec-
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FIG 5 Model: AQ-mediated HIF-1 signaling. Under normal levels of oxygen (normoxia), HIF-1a protein subunit is constitutively synthesized by the cells but
quickly degraded through the PHD/26S proteasomal degradation pathway. Reduced oxygen levels (hypoxia) lead to the inhibition of the PHD enzymes that
prevent HIF-1a degradation, leading to accumulation of HIF-1a. Upon infection, P. aeruginosa produces an arsenal of molecules involved in its pathogenicity,
including the 2-alkyl-4-quinolone (AQ) signaling molecules. Here, we have shown that AQs lead to the degradation of the HIF-1a protein through the 26S

proteasome machinery (1), which in turn lead to the suppression of induction of the hexokinase II (HKII) under hypoxia (2).

tion and in particular in CF disease. Indeed, boosting HIF-1
signaling in order to fight against infection is seen as an emerg-
ing therapeutic strategy. Two compounds, mimosine and
AKB-4924, have been shown to stimulate host defense by en-
hancing HIF-1a stabilization in mouse models (35, 60). How-
ever, the balance between activation and inhibition should be
perfectly controlled, as HIF-1 is highly involved in cancer bi-
ology and as such has emerged, in addition to some of its target
genes, including HKII, as a new target for anticancer therapy
(47). Therefore, understanding the molecular mechanisms
through which microbial bioactive compounds modulate the
function of this key human signal is crucial to its exploitation
for future innovative therapies.
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