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Susceptibility to acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) varies greatly among patients
in sepsis/septic shock. The genetic and biochemical reasons for the difference are not fully understood. G protein
coupled receptor family C group 5 member A (GPRC5A), a retinoic acid target gene, is predominately expressed in the
bronchioalveolar epithelium of lung. We hypothesized that Gprc5a is important in controlling the susceptibility to ALI
or ARDS. In this study, we examined the susceptibility of wild-type and Gprc5a-knockout (ko) mice to induced ALI.
Administration of endotoxin LPS induced an increased pulmonary edema and injury in Gprc5a-ko mice, compared to
wild-type counterparts. Consistently, LPS administration induced higher levels of inflammatory cytokines (IL-1b and
TNFa) and chemokine (KC) in Gprc5a-ko mouse lungs than in wild-type. The enhanced pulmonary inflammatory
responses were associated with dysregulated NF-kB signaling in the bronchioalveolar epithelium of Gprc5a-ko mouse
lungs. Importantly, selective inhibition of NF-kB through expression of the super-repressor IkBa in the bronchioalveolar
epithelium of Gprc5a-ko mouse lungs alleviated the LPS-induced pulmonary injury, and inflammatory response. Thus,
Gprc5a is critical for lung homeostasis, and Gprc5a deficiency confers the susceptibility to endotoxin-induced
pulmonary edema and injury, mainly through NF-kB signaling in bronchioalveolar epithelium of lung.

Introduction

Acute lung injury (ALI) and acute respiratory distress syn-
drome (ARDS) are devastating clinical problems with a mortality
as high as 40-60%.1,2 ALI/ARDS are the result of intense pulmo-
nary inflammation leading to respiratory failure, and ALI/ARDS
occurs secondarily in a number of disease processes, most com-
monly sepsis, pneumonia, aspiration, trauma, pancreatitis, blood
transfusions, smoke or toxic gas inhalation, and certain types of
drug toxicity.3,4 The pathogenesis of ALI/ARDS is not well
understood. The disease process is characterized by diffuse dam-
age to the alveoli resulting in disruption of the endothelium and
epithelium.5 Acute effects include fluid accumulates in the alveo-
lar spaces, with severe inflammation and gas exchange abnormali-
ties. These changes comprise the acute phase of ALI/ARDS. The
subsequent fibrotic phase results in diffuse interstitial thickening,
fibrosis, increased dead space and loss of lung compliance.

In sepsis/septic shock associated ALI/ARDS, some patients
die from uncontrolled inflammation or sepsis, while others
recover without major issues. The biochemical and genetic basis
for the difference in susceptibility to ALI/ARDS is not fully
understood.6,7 Some proteins are used for predicting pathogen-
esis or as biomarkers for outcome in ALI, these include the
proinflammatory cytokines TNF-a8 and IL-6,8 VEGF,9 plas-
minogen activator inhibitor-1,10 surfactant protein B,11 P-
selectin,12 angiopoietin 213 and peptidase inhibitor 3 (PI3).14

It has been suggested that genes involved in inflammatory and
immune pathways may confer susceptibility and morbidity in
lung injury,15 in addition to gene–environmental interactions.
Identification of the ALI susceptible genes that contribute to
the pathogenesis of ALI /ARDS may thus provide important
insight to the etiology of ALI/ARDS, and may have certain pre-
dictive value. Moreover, biomarker-based novel intervention
strategies may be developed.
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G protein coupled receptor family C group 5 type A
(GPRC5A), also known as RAIG1 or RAI3, is a retinoic acid-
inducible gene. GPRC5A is predominately expressed in type I
and type II epithelial cells of the lung.16-19 Previous studies
showed that, Gprc5a-knockout (ko) mice developed spontaneous
lung tumors.18 In addition, a considerable portion (40-50%) of
Gprc5a-ko mice developed eosinophilic macrophage pneumo-
nia.20 These observations suggest that Gprc5a deficiency lead to
an increased inflammatory response in lung tissues. We hypothe-
sized that Gprc5a plays an important role in controlling the sus-
ceptibility to ALI or ARDS in lung. In this study, we examined
the susceptibility of wild-type and Gprc5a-ko mice to experimen-
tally-induced ALI. We found that Gprc5a-ko mice are more sus-
ceptible to endotoxin-induced pulmonary edema and injury than
their wild-type counterparts. The increased susceptibility to ALI
in Gprc5a-ko mouse lung is mainly through dysregulated NF-kB
signaling since selective blockage of NF-kB in the bronchioalveo-
lar epithelium via specific overexpression of super-repressor IkBa
suppressed endotoxin-induced lung injury and inflammatory
response. Thus, Gprc5a is important in controlling lung homeo-
stasis, whereas Gprc5a deficiency confers susceptibility to endo-
toxin-induced ALI.

Results

Gprc5a-ko mice are susceptible to LPS-induced pulmonary
edema and injury

To determine the role of Gprc5a in influencing the suscepti-
bility of mouse lung to ALI, we examined the effects of experi-
mentally-induced ALI in Gprc5a-ko (KO) and wild-type (WT)
mice by administration of lipopolysaccharide (LPS), a compo-
nent of the outer membrane of gram-negative bacteria. Following
a single i.p. injection of LPS, lung tissues of KO and WT mice
were harvested at different time point, 2, 6, 24, and 48 hours.
One lung lobe was fixed for hematoxylin eosin (HE) staining
analysis, and the remaining tissue was crushed in liquid nitrogen
for protein and mRNA analysis. Pulmonary edema, a hallmark
of ALI, was estimated using the ratio of wet-to-dry lung weight.
Endotoxin administration resulted in decreased body weight
(Fig. 1A), and increased wet-to-dry lung weight (Fig. 1B), in
both WT and KO mouse groups following LPS treatment, thus
validating the experimental endotoxin-induced ALI animal
model. Noticeably, the ratio of wet-to-dry lung weight at
48 hour following LPS treatment was drastically higher in
Gprc5a-ko mouse group (KO-LPS-48h) than that from the wild-
type group (WT-LPS-48h) (Fig. 1B). This finding implies that
Gprc5a deficiency results in increased endotoxin-induced pulmo-
nary edema. Consistently, H&E histological analysis revealed
that alveolar lesions and pulmonary edema were more obvious in
Gprc5a-ko mouse lungs than lungs from wild-type mice
(Figs. 1B–C). In LPS treated Gprc5a-ko mice, vascular wall
thickness, perivascular leukocyte rich inflammation and intersti-
tial inflammation were more sever, and the alveolar spaces were
much smaller than those of wild-type mice (Fig. 1C). The
Inflammation Score (IS), an indicator of the severity of lung

injury, shows that lung injury of Gprc5a-ko mice were more
severe than wild-type mice, especially 24/48 h post-LPS treat-
ment (Figs. 1C-D). Thus, Gprc5a-ko mice are more susceptible
to endotoxin-induced pulmonary edema and injury than wild-
type mice.

Gprc5a-ko mouse lungs produce increased levels
of proinflammatory cytokines and chemokines after
LPS treatment

To characterize the biochemical features of the inflammatory
response in ALI, we measured the expression of proinflammatory
cytokines and chemokines from mouse lungs tissue following
LPS treatment. First, we examined mRNA transcripts by RT-
PCR analysis: mRNA expression levels of proinflammatory cyto-
kines (IL1b and TNFa) and chemokine (KC) were significantly
higher in Gprc5a-ko mouse lungs than in the wild-type following
LPS treatment (Figs. 2A-2D). Interestingly, the relative differ-
ence of mRNA levels for IL1b, TNFa and KC between KO and
WT groups peaked 48h after LPS administration (Figs. 2A-E).
This finding suggests that the endotoxin-induced inflammatory
response endured for a long time period in Gprc5a-ko mouse
lungs, whereas the inflammatory response in wild-type mouse
lungs was transient, and in recovery at 48 h.

Next, we examined protein levels of proinflammatory cyto-
kines and chemokines by ELISA. Consistent with the mRNA
results, TNFa and IL-6 were higher in KO groups than WT
groups at various time points (Figs. 2F-2G). Interestingly,
TNFa levels in serum from WT and KO groups were no differ-
ence (data not shown), suggesting that the Gprc5a deficiency
mainly targeted TNFa production in lung tissues, not through-
out the body. Il-1b protein levels were not found to be signifi-
cantly different between KO and WT groups (Fig. 2H), the
reason is unclear. Taken together, the results indicate that Gprc5a
deficiency results in an increased and persistent inflammatory
response after endotoxin treatment.

LPS induces potent and persistent NF-kB activation in the
bronchioalveolar epithelium of Gprc5a-ko mouse lungs

NF-kB is a key intracellular signaling molecule that medi-
ates inflammatory response. To determine if NF-kB is
involved in the altered susceptibility to ALI, we examined in
vivo NF-kB activity. We quantified in vivo NF-kB activity by
measurement of NF-kB-dependent luminescence from NF-
kB-luc mice (WT) and Gprc5a-ko/NF-kB-luc (KO) mice
48 h after LPS treatment. Luminescence from Gprc5a-ko/NF-
kB-luc mice was higher than that from NF-kB-luc mice
(Fig. 3A). To avoid any interference on luminescence from
skin and hair, we also measured the luminescence of the iso-
lated lung tissues from the same NF-kB-luc and Gprc5a-ko/
NF-kB-luc mice (Fig. 3A). NF-kB-dependent luminescence
from the isolated lungs of Gprc5a-ko/NF-kB-luc mice was
much greater than that from lungs of NF-kB-luc mice
(Fig. 3B). These results indicated that, activation of NF-kB
signaling is much stronger and more persistent in Gprc5a-ko/
NF-kB-luc mice than NF-kB-luc mice after LPS
administration.
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Next, we examined the
downstream targets of NF-
kB. RT-PCR analysis
showed that LPS-induced
expression of NF-kB target
genes MMP9, VEGF-C,
Cyclin D1 was relatively
mild in wild-type mouse
lungs, with increased expres-
sion that peaked at 24h. In
contrast, in lungs from
Gprc5a-ko mice, expression
of those NF-kB target genes
was significantly increased
after LPS treatment at 6h,
24h and 48h (Fig. 3C).
These results indicate that
NF-kB activation in KO
mouse lungs is more persis-
tent than that in WT mouse
lungs. Thus, increased acti-
vation of the NF-kB path-
way is associated with
increased susceptibility to
endotoxin-induced ALI in
Gprc5a-ko mice.

NF-kB signaling is
selectively inhibited in the
bronchioalveolar
epithelium of Gprc5a-ko/
SR-IkBa mouse lungs

To determine if NF-kB
in lung epithelial cells is crit-
ical for the increased suscep-
tibility to ALI in Gprc5a-ko
mice, we generated Gprc5a-
ko/SPC-SR-IkBa mice by
cross-breeding Gprc5a-ko
mice with SPC-SR-IkBa
mice, in which super-repres-
sor (SR) IkBa gene is driven
by the type II marker surfac-
tant protein C (SPC) pro-
moter. Electrohoretic
mobility shift assay (EMSA)
showed that LPS-induced
NF-kB DNA-binding activ-
ity was significantly
repressed in tissue from
Gprc5a-ko/SPC-SR-IkBa
mice (Fig. 4A). We also
examined the downstream
targets of NF-kB in these
mice. RT-PCR analysis
demonstrated that, LPS-

Figure 1. Gprc5a-ko mice are susceptible to endotoxin-induced pulmonary edema and injury. (A) Body weight of
Gprc5a-ko (5a-KO) and wild-type (WT) mice (n D 3) treated with endotoxin over 48 h period after treatment.
Weights were normalized to baseline weight in each animal. (B) Lung water measurements (wet:dry tissue weight)
in control and endotoxin-treated mice over 48 h period after treatment. Ratio of wet-dry weights are normalized to
the baseline values for each point (n D 3). (C) Photomicrographs are representative hematoxylin and eosin (H&E)
stained sections of lung tissue from wild-type and Gprc5a-ko mice obtained before endotoxin (0h) and at 6 h, 24 h,
and 48 h after endotoxin administration. (D) Inflammation score (IS) was used as a semi-quantitative assessment for
pulmonary edema and injury.
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induced NF-kB target genes, MMP9, VEGF-C, Cyclin D1, were
significantly suppressed, especially at 6 h after LPS treatment,
in lungs from Gprc5a-ko/SPC-SR-IkBa mice as compared to
Gprc5a-ko mouse lungs (Fig. 4B). Immunoblot analysis
showed that the protein levels of the NF-kB targets, MMP9,
IkBa, and cyclin D1, were relatively higher in LPS-treated
lungs from Gprc5a-ko mice compared with those from wild-
type (WT) and Gprc5a-ko/SR-IkBa mouse lungs (Fig. 4C).
Taken together, these results indicate that the NF-kB path-
way in the bronchioalveolar epitheliumis selectively inhibited
with expression of super repressor (SR) IkBa in Gprc5a-ko
mouse lungs.

Gprc5a-ko/SPC-SR-IkBa mouse lungs have reduced
endotoxin-induced pulmonary edema and injury

To determine if NF-kB signaling in the bronchioalveolar epi-
thelium increases susceptibility to endotoxin-induced lung injury
in Gprc5a-ko mouse lungs, we compared the effects of LPS on
lung injury in Gprc5a-ko/SPC-SR-IkBa mice with those in
Gprc5a-ko mice. LPS administration decreased body weight in
all mouse groups of mice, which providing supporting evidence
of endotoxin-induced injury. Noticeably, the ratio of wet-to-dry
lung weight of Gprc5a-ko/SPC-SR-IkBa mice, especially at
48 hours after LPS treatment, was significantly reduced
(Fig. 5B). These findings suggest a reduced inflammatory

Figure 2. Lungs from Gprc5a-ko mouse produce increased levels of proinflammatory cytokines and chemokines after LPS treatment. (A) Images are rep-
resentative of the RT-PCR analysis for mRNA of proinflammatory cytokines at each time point. (B-D) Average mRNA levels for IL-1b (B), TNFa (C) and KC
(D) at each point are shown. (E) The average of mRNA levels of IL-1b, TNFa, and KC from wild-type and Gprc5a-ko mouse lungs at 48 h after endotoxin
treatment. (F-H) Protein levels of cytokines, IL-1b (F), TNFa (G) and IL-6 (H), in lung tissues were measured by ELISA after LPS treatment.
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pulmonary edema and
injury. Consistently, histo-
logic analysis showed that
lesions in the lungs of
Gprc5a-ko/SR-IkBa mice
were significantly reduced
as compared to those in
Gprc5a-ko mice (Fig. 5C).
Vascular wall thickness was
reduced, inflammation
attenuated, and the alveolar
spaces approached normal
size in Gprc5a-ko/SR-IkBa
mice, especially at 48 h fol-
lowing LPS treatment
(Figs. 5C-D). These find-
ings demonstrate that LPS-
induced injury in lung mor-
phology was alleviated in
Gprc5a-ko/ SPC-SR-IkBa
mice when compared with
those of Gprc5a-ko mice
(Fig. 5C). Thus, blockage
of NF-kB activity in the
bronchioalveolar epithe-
lium inhibits endotoxin-
induced pulmonary edema
and injury in the genetic
background of Gprc5a-ko
mouse.

Endotoxin-induced
production of proinflammatory cytokines and chemokines
is reduced in Gprc5a-ko/SPC-SR-IkBamouse lungs

For comparison, we measured the expression levels of proin-
flammatory cytokines and chemokines in both Gprc5a-ko and
Gprc5a-ko/SPC-SR-IkBa mouse lungs of different groups after
LPS treatment. RT-PCR analysis showed that mRNA expres-
sions for Il-1b, TNFa and KC were significantly reduced in
Gprc5a-ko/SR-IkBa mouse lungs as compared to those from
Gprc5a-ko mouse lungs (Figs. 6A-D). Of note, the mRNAs of
IL1b, TNFa and KC in Gprc5a-ko/SR-IkBa mice were
decreased greatly, especially at 48 h after LPS treatment, as
compared to those in Gprc5a-ko mice (Figs. 6A-E). Next, we
examined the protein levels of IL1b, TNFa and IL-6 by ELISA.
Interestingly, the protein levels of IL-1b, TNFa and IL-6, from
Gprc5a-ko and Gprc5a-ko/SR-IkBa mouse lungs, were not sig-
nificantly different at 2, 6, or 24 h after LPS treatment
(Fig. 6F-6H). However, significant differences in these protein
levels were observed at 48 h after LPS treatment (Fig. 6I).
These results indicate that, blockage of NF-kB by SR-IkBa in
bronchioalveolar epithelium attenuated both the intensity and
duration of endotoxin-induced inflammatory response. Thus,
dysregulated NF-kB is the predominant contributor to the
increased susceptibility of Gprc5a-ko mice to endotoxin-
induced lung edema and injury.

Discussion

In this study, we performed a comprehensive characterization
of the physiological, structural, and biochemical events related to
lung edema and lung injury using an endotoxin-induced injury
model in Gprc5a-ko mice. We found that Gprc5a-ko mice had
an increased susceptibility to LPS-induced pulmonary edema,
injury and an increased inflammatory response. Although endo-
toxin induced production of proinflammatory cytokines and che-
mokines in all groups of mice, the inflammatory response in
Gprc5a-ko mouse lungs was more intense and persistent than that
observed in wild-type mouse lungs. The relative nature of this
finding suggests that Gprc5a deficiency disrupts the balance of
lung homeostasis, probably through disruption of a negative
feedback control mechanism in response to inflammation.

Sepsis is the leading clinical cause of ALI/ARDS. Bacterial
endotoxin (LPS) induces potent biological reactions, including
lung inflammation and injury. Thus, the model of experimen-
tally-induced injury with endotoxin coupled with genetically
manipulated mice are valuable tools to identify the important
events surrounding the pathogenesis of endotoxin-induced lung
inflammation and injury.21-23 Previously, we found that Gprc5a-
ko mice have an increased incidence of acidophilic macrophage
pneumonia, pulmonary inflammatory disease, as well as lung
tumor development.20 In this study, we demonstrate that an

Figure 3. LPS induced potent and persistent activation of NF-kB in the bronchioalveolar epithelium of Gprc5a-ko
mouse lungs. (A) Luminescence imaging from anesthetized mice of wild-type/NF-kB-luc and Gprc5a-ko/NF-kB-luc
was performed with an ultrasensitive camera 48 h following endotoxin and luciferin administration. Tissue encircled
in red is lung. (B) Images are of excised lung tissues from mice used above (A). NF-kB-dependent luminescence of
lung tissue was assayed by imaging or luminometry. (C) RT-PCR analysis of mRNAs of NF-kB target genes, IkBa,
MMP9, VEGF-C, Cyclin D1; times indicate tissue retrieval post-LPS treatment.
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upregulation in NF-kB activity in the bronchioalveolar epithe-
lium of Gprc5a-ko mouse lungs is a major contributor to the
increased susceptibility for lung injury in these mice. Impor-
tantly, selective inhibition of NF-kB in the bronchioalveolar epi-
thelial cells of Gprc5a-ko/SPC-SR-IkBa mouse lungs resulted in
suppressed activation of NF-kB after endotoxin exposure. In
addition, this selective inhibition of NF-kB by specific expression
of SR-IkBa in the bronchioalveolar epithelium in Gprc5a-ko/
SPC-SR-IkBa mice greatly reduced the endotoxin-induced
inflammatory response and lung injury. Therefore, these data
provide compelling evidence that the susceptibility to ALI in
Gprc5a-ko mouse lungs is mainly through the NF-kB pathway.

There are more than 40 cell types in lung tissue. Multiple cells
are implicated in initiation and regulation of pulmonary inflam-
mation, including macrophages, epithelial cells, fibroblasts, and
endothelial cells. Many studies focused on NF-kB signaling in
immune cells, some suggest that alveolar macrophages are
required for initiation of LPS-induced inflammatory responses in
the lungs, likely through activation of NF-kB signaling.24,25

Other studies showed that NF-kB in nonimmune cells is a criti-
cal determinant in the lung’s response to injurious stimuli. For
instance, some data indicate that the airway epithelium controls
lung inflammation and injury through NF-kB pathway.26 One
study showed that expression of a dominant NF-kB inhibitor in

airway epithelium, under
the epithelial-specific CC10
promoter, reduced neutro-
philic lung inflammation,
and diminished lung injury
induced by airway or sys-
temic delivery of LPS.26

Therefore, it is reasonable to
focus on the bronchioalveo-
lar epithelial cells as being
critical to the regulation of
acute lung inflammation
and injury.27 Respiratory
epithelial cells secrete proin-
flammatory mediators and
upregulated adhesion mole-
cules in response to bacterial
stimuli or endogenous fac-
tors such as IL-1b and
TNFa28. Gprc5a is prefer-
entially expressed in airway
epithelial cells.16 In fact, the
increased levels of NF-kB in
bronchioalveolar epithelial
cells from Gprc5a-ko mouse
lungs suggested that Gprc5a
is involved in regulation of
this pathway. Interestingly,
the TNFa level in lung tis-
sues of Gprc5a-ko mice were
significantly higher than lev-
els found in pulmonary tis-

sue from wild-type mice, whereas TNFa levels in serum were
similar between these groups. This finding supports the conten-
tion that Gprc5a depletion mainly affects NF-kB activation in
bronchioalveolar epithelial cells.

The presence of Toll-like receptor 4 (TLR4) on lung struc-
tural cells, but not haematopoietic cells, has been reported to be
critical for TLR4-mediated airway inflammation.29 Similarly,
NF-kB in bronchioalveolar epithelial cells is critical for the regu-
lation of lung inflammation induced by aerosolized LPS. Tar-
geted inhibition of NF-kB activation in distal airway epithelial
cells impaired the inflammatory response to inhaled LPS.30 It
appears that Gprc5a deficiency primarily affects the persistent
phase (48h after LPS treatment) of NF-kB activation, suggesting
that Gprc5a may regulate a negative feedback mechanism. We
conclude that, Gprc5a depletion leads to a dysregulated NF-kB
activation in bronchioalveolar epithelial cells, which results in the
increased susceptibility to LPS-induced ALI.

Previous reports showed that genes involved in inflammatory
and the immune pathways play a role in conferring susceptibility
to lung injury. Candidate genes associated with susceptibility,
based on clinical course and outcomes in ALI/ARDS, are ACE,
EGF, GSTM1, IL-6, IL-10, MIF, NRF2, NFKB1, TLR1, TNF,
PLAU, and VEGFA. The role of these genes are varied and
related to inflammation, immune response, vascular

Figure 4. NF-kB signaling is selectively inhibited in the bronchioalveolar epithelium of Gprc5a-ko/SPC-SR-IkBa
mouse lungs. (A) EMSA of NF-kB DNA-binding proteins in lung tissue nuclear extracts from Gprc5a-ko (5a-ko) and
Gprc5a-ko/SPC-SR-IkBa(5a-ko/IkBa) mice treated with or without LPS. Specificity of NF-kB bindingconsensus site
was analyzed by using (80 times) either wild-type or mutant oligonucleotides (cold) as competitors. Addition of
anti-p65 antibodies to the EMSA reaction assessed the presence of p65 in the shifted complex by induction of a
super-shifted complex (SS). (B) Representative RT-PCR analysis of NF-kB target genes MMP9, VEGF-C, Cyclin D1,
from pulmonary tissues. Time points indicate retrieval of tissue post-LPS treatment. (C) Immunoblot analysis of NF-
kB target gene products, MMP9, IkBa, Cox2, and Cyclin D1, from murine pulmonary homogenates.
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permeability, vascular
tonus, repair, chemotaxis,
cell motility and coagula-
tion.6 It appears that
Gprc5a fits this scenario
since Gprc5a deficiency
results in a dysregulated
NF-kB pathway with
increased pulmonary injury
and inflammation.20

The results of this study
allow us to make the fol-
lowing conclusions: First,
the Gprc5a gene is impor-
tant in controlling the sus-
ceptibility to endotoxin-
induced lung injury. Sec-
ond, NF-kB in bronchioal-
veolar epithelial cells is the
major pathway responsible
for the increased suscepti-
bility to endotoxin-induced
lung injury in Gprc5a
knockout mice since selec-
tive inhibition of NF-kB
by super-repressor IkBa in
bronchioalveolar epithelial
cells diminished the inflam-
matory response, and alle-
viated lung injury. In the
clinical setting, if a genetic
or molecular marker of the
susceptibility to ALI/
ARDS were known, an
altered treatment plan may
be employed. Our study
demonstrates that Gprc5a
deficiency confers suscepti-
bility to endotoxin-induced
pulmonary edema, injury
and inflammatory
response, mainly through
NF-kB signaling in bron-
chioalveolar epithelium of
lung.

Materials and
Methods

Experimental animal
and LPS administration

Gprc5a-knockout (ko)
mice were generated in a
mixed background of
129sv £ C57BL/6 as

Figure 5. Gprc5a-ko/SPC-SR-IkBa mice are resistant to endotoxin-induced pulmonary edema and injury. (A) Body
weight of Gprc5a-ko (5a-KO) and Gprc5a-ko/SPC-SR-IkBa (KO/IkBa) mice (n D 3) treated with endotoxin over 48 h
period. Present data are weights normalized to baseline for each animal. (B) Lung water measurements (wet:dry tis-
sue weight ratio) in mice treated with endotoxin and in control animals over 48 h period after treatment. Wet-dry
weights are normalized to the baseline values (n D 3 for each time point). (C) H&E-stained sections of lung tissue
from 5a-KO and 5a-KO/IkBa mice taken before endotoxin administration (0h) and at 6 h, 24 h, and 48 h after endo-
toxin administration. (D) Inflammation score (IS) was used as a semi-quantitative assessment for pulmonary edema
and injury.
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Figure 6. Production of proinflammatory cytokines and chemokines is reduced in Gprc5a-ko/SPC-SR-IkBa mouse lungs after endotoxin treatment. (A)
Images are representative of RT-PCR analysis for proinflammatory cytokines at each point. The averages of mRNA, IL-1b (B), TNFa (C) and KC (D), at differ-
ent time point were shown. (E) The average of mRNA expression levels for IL-1b, TNFa, and KC from wild-type and Gprc5a-ko mouse lungs at 48 h after
endotoxin treatment. (F-I) Cytokine proteins, IL-1b (F), TNFa (G) and IL-6 (H), in lung tissues were measured after LPS treatment. (I) Protein levels for IL-
1b, TNFa, and IL-6 from WT, KO and KO/IkBamouse lungs 48 h after LPS treatment using ELISA.
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described previously.18 INS-NF-kB-luc transgenic mice (C57
BL/6J) were obtained from Cgene (Oslo, Norway). Gprc5a-ko/
NF-kB-luc mice were obtained by cross-breeding Gprc5a-ko
mice with INS-NF-kB-luc mice. SPC-SR-IkBa mice were
kindly provided by Dr. Christopher B. Wilson (University of
Washington School of Medicine, Seattle).30 Gprc5a-ko/SPC-SR-
IkBa mice were obtained by cross-breeding Gprc5a-ko mice
with SPC-SR-IkBa mice. INS-NF-kB-luc transgenic mice
(C57BL/6J-background) were purchased from Cgene AS (Oslo
Innovation Center, Norway). Gprc5a-ko/ NF-kB-luc mice were
obtained by cross-breeding Gprc5a-ko mice with INS-NF-kB-
luc transgenic mice. The genotype of mouse progeny was per-
formed as described previously18 or by the manufacturer. Mice
were maintained according to a protocol approved by Shanghai
Jiao Tong University School of Medicine Animal Care and Use
Committee [experimental animal use permission No: SYXK
(Shanghai) 2008-0050] in the specific pathogen-free animal facil-
ity in the university. Mice were monitored daily for evidence of
disease or death. Eight-week-old wild-type, Gprc5a-ko and
Gprc5a-ko/SPC-SR-IkBa mice were received an i.p. injection of
LPS (Escherichia coli 0111:B4 LPS, from Sigma, St. Louis, MO)
at 150 mg/25g of body weight, dissolved in saline solution (0.9%
NaCl) or saline alone (n=3). Groups of animals were killed at 2,
6, 24 and 48 h following LPS administration. Lung tissues were
collected for different analysis and determination of lung wet
weight. The left lobe of lung was fixed with 4% paraformalde-
hyde in phosphate-buffered saline (pH 7.2–7.4) for 24 h. The
remainder of lung tissues wshomogenated in liquid nitrogen for
protein or RNA extraction. Lung and body weight of each mouse
were obtained. Blood samples, collected before death,were used
to quantify cytokine and growth factors production. Control
groups of animals received no LPS treatment.

Hematoxylin-Eosin (H&E) staining and IS calculation
Fixed lungs were embedded in paraffin, and sequential 5mm

sections were stained with hematoxylin eosin (H&E). Each lung
section was systematically scanned with a magnification of x 100;
5 successive fields were graded according to the degree of inflam-
matory infiltration and the area of involved lesions: grade 0, nor-
mal tissue; grades 1–3, the presence of pulmonary inflammation
with the extent of pathology graded as 1 (<20% of the slide), 2
(20% to 50% of the slide) or 3 (>50% of the slide). After exami-
nation of the entire section, the mean score from all examined
fields was calculated as the inflammation score (IS).

Lung cytokines mRNA expression analysis by RT-PCR
Total RNA samples from lung tissues were extracted with Tri-

Pure Isolation Reagent (Roche, Switzerland) and cDNA prepared
from 1 mg of total RNA using the SuperScript III System (Invi-
trogen Life Technologies). mRNAs levels were determined by
RT-PCR, using the following primers (mouse orgin):

Gprc5a (F: 5’-GACACACTCTATGCACCTTATTC-3’ and
R: 5’-ACAGACCTTGTCTACTCCAG-3’); IL1b (F: 5’-
GAAATGCCACCTTTTGACAGTG-3’ and R: 5’-CTGGATG
CTCTCATCAGGACA-3’); TNFa (F: 5’-CCTGTAGCC-
CACGTCGTAG-3’ and R: 5’-GGGAGTAGACAAGGTACA

ACCC-3’); KC (F: 5’-ACTGCACCCAAACCGAAGTC-3’; R:
5’-TGGGGACACCTTTTAGCATCTT-3’); internal standard
b-actin (F: 5’-AACAGTCCGCCTAGAAGCAC-3’ and R: 5’-
CGTTGACATCCGTAAAGACC-3’); CyclinD1 (F: 5’-
ACACGGACTACAGGGGAGTT-3’; R: 5’- CTCACA-
GACCTCCAGCATCC-3’); VEGFC: (F: 5’-GCTTCTTGT
CTCTGGCGTGT-3’; R: 5’-TGCCGTCCTTATCGTAGT
CA-3’), MMP9: (F: 5’-TGTCATCCAGTTTGGTGTCG-3’;
R: 5’-TGCCGTCCTTATCGTAGTCA-3’); IkBa (F: 5’-AAAT
CCCCTGCCAGCGTTTA-3’; R: 5’-CCAAGTGCAGGAAC-
GAGTCT-3’).

Lung cytokines detected by ELISA assay
Mice were sacrificed at predetermined time points, and lungs

homogenized in RIPA buffer (Millipore,Billerica, MA,USA) con-
taining complete protease inhibitors (Roche, BasalSwitzerland).
Cytokine protein levels were measured by ELISA (R&D Systems,
Minneapolis, MN).

In vivo and ex vivo imaging of luciferase activitiy
Mice anesthetized with isoflurane were injected i.p. with

150 mg luciferin/kg body weight for in vivo imaging. Five
minutes later, mice were placed face up in the chamber and
imaged for 5 min with the camera set at the highest sensitivity by
IVIS Imaging System 100 Series (Xenogen, UK). Photons emit-
ted from tissues were quantified using living image software
(Xenogen).

For ex vivo imaging, mice were anesthetized and i.p. injected
with luciferin. Five minutes later, mice were sacrificed and lung
tissues were rapidly removed. Isolated tissues were placed in the
IVIS system and imaged with the same setting used for in vivo
studies. Signal intensity was quantified as the sum of all detected
photon counts from tissues and presented as photons/sec.

Electrophoretic mobility shift assay (EMSA)
NF-kB DNA-binding activity in nuclear extracts from lung

tissues (4 mice per group) was examined as described.20,31 The
following oligonucleotides were used for the analysis: wild-type
NF-kB–binding oligonucleotide,5’-CGGAAAGTCCCCAGCG
GAAAGTCCCTGAT-3’; mutant NF-kB-binding oligonucleo-
tide, 5’-CGGAAAGTGAGCAGCGGAAAGTGAGTGAT-3’.

Statistical analyses
Expressed data are the mean § SEM. Statistical analysis uti-

lized the statistics package SPSS19.0 (SPSS Inc.., Chicago,
USA). Comparisons were made using unpaired t-test assuming
unequal distribution. Multiple group comparisons used one-way
ANOVA. Statistical significance was set at P <0.05.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

www.tandfonline.com 1411Cell Cycle



Acknowledgments

We thank Dr Reuben Lotan for his generosity by providing
Gprc5a-/- mice, and Dr Christopher B. Wilson for his generosity
by providing SPC-SR-IkBa mice.

Funding

This work was supported by grants from, Ministry of Science
and Technology No. 2011CB504300 (J Deng) and
2013CB910901 (J Deng), National Nature Science Foundation
of China 91129303, 81071923 (J Deng), 81201840 (F Yao),
and Science and Technology Commission of Shanghai
(10140902100) (J Deng).

References

1. Herridge MS, Cheung AM, Tansey CM, Matte-Mar-
tyn A, Diaz-Granados N, Al-Saidi F, Cooper AB,
Guest CB, Mazer CD, Mehta S, et al. One-year out-
comes in survivors of the acute respiratory distress syn-
drome. N Engl J Med 2003; 348:683-93;
PMID:12594312; http://dx.doi.org/10.1056/
NEJMoa022450

2. Rubenfeld GD, Caldwell E, Peabody E, Weaver J,
Martin DP, Neff M, Stern EJ, Hudson LD. Incidence
and outcomes of acute lung injury. N Engl J Med
2005; 353:1685-93; PMID:16236739; http://dx.doi.
org/10.1056/NEJMoa050333

3. Brandolini L, Asti C, Ruggieri V, Intilangelo A, Pelle-
grini L, Chiusaroli R, Caselli GF, Bertini R. Lipopoly-
saccharide-induced lung injury in mice. II. Evaluation
of functional damage in isolated parenchyma strips.
Pulm Pharmacol Ther 2000; 13:71-8;
PMID:10799284; http://dx.doi.org/10.1006/
pupt.2000.0232

4. Ware LB, Matthay MA. The acute respiratory distress
syndrome. N Engl J Med 2000; 342:1334-49;
PMID:10793167; http://dx.doi.org/10.1056/
NEJM200005043421806

5. Manicone AM. Role of the pulmonary epithelium and
inflammatory signals in acute lung injury. Expert Rev
Clin Immunol 2009; 5:63-75; PMID:19885383;
http://dx.doi.org/10.1586/1744666X.5.1.63

6. Reddy AJ, Kleeberger SR. Genetic polymorphisms
associated with acute lung injury. Pharmacogenomics
2009; 10:1527-39; PMID:19761373; http://dx.doi.
org/10.2217/pgs.09.89

7. Jin W, Wang H, Ji Y, Zhu L, Yan W, Qiao L, Yin H.
Genetic ablation of Nrf2 enhances susceptibility to
acute lung injury after traumatic brain injury in mice.
Exp Biol Med 2009; 234:181-9; PMID:19176347;
http://dx.doi.org/10.3181/0807-RM-232

8. Meduri GU, Headley S, Kohler G, Stentz F, Tolley E,
Umberger R, Leeper K. Persistent elevation of inflam-
matory cytokines predicts a poor outcome in ARDS.
Plasma IL-1 beta and IL-6 levels are consistent and effi-
cient predictors of outcome over time. Chest 1995;
107:1062-73; PMID:7705118; http://dx.doi.org/
10.1378/chest.107.4.1062

9. Thickett DR, Armstrong L, Millar AB. A role for vas-
cular endothelial growth factor in acute and resolving
lung injury. Am J Respir Crit Care Med 2002;
166:1332-7; PMID:12421742; http://dx.doi.org/
10.1164/rccm.2105057

10. Prabhakaran P, Ware LB, White KE, Cross MT, Mat-
thay MA, Olman MA. Elevated levels of plasminogen
activator inhibitor-1 in pulmonary edema fluid are
associated with mortality in acute lung injury. Am J
Physiol Lung Cell Mol Physiol 2003; 285:L20-8;
PMID:12730079

11. Pan T, Nielsen LD, Allen MJ, Shannon KM, Shannon
JM, Selman M, Mason RJ. Serum SP-D is a marker of
lung injury in rats. Am J Physiol Lung Cell Mol Physiol

2002; 282:L824-32; PMID:11880309; http://dx.doi.
org/10.1152/ajpcell.00388.2001

12. Kawut SM, Okun J, Shimbo D, Lederer DJ, De
Andrade J, Lama V, Shah A, Milstone A, Ware LB,
Weinacker A, et al. Soluble p-selectin and the risk of
primary graft dysfunction after lung transplantation.
Chest 2009; 136:237-44; PMID:19255296; http://dx.
doi.org/10.1378/chest.08-2697

13. Bhandari V, Choo-Wing R, Lee CG, Zhu Z, Nedrelow
JH, Chupp GL, Zhang X, Matthay MA, Ware LB,
Homer RJ, et al. Hyperoxia causes angiopoietin 2-
mediated acute lung injury and necrotic cell death. Nat
Med 2006; 12:1286-93; PMID:17086189; http://dx.
doi.org/10.1038/nm1494

14. Wang Z, Beach D, Su L, Zhai R, Christiani DC. A
genome-wide expression analysis in blood identifies
pre-elafin as a biomarker in ARDS. Am J Respir Cell
Mol Biol 2008; 38:724-32; PMID:18203972; http://
dx.doi.org/10.1165/rcmb.2007-0354OC

15. Grigoryev DN, Finigan JH, Hassoun P, Garcia JG. Sci-
ence review: searching for gene candidates in acute lung
injury. Critical care 2004; 8:440-7; PMID:15566614;
http://dx.doi.org/10.1186/cc2901

16. Cheng Y, Lotan R. Molecular cloning and characteriza-
tion of a novel retinoic acid-inducible gene that encodes
a putative G protein-coupled receptor. J Biol Chem
1998; 273:35008-15; PMID:9857033; http://dx.doi.
org/10.1074/jbc.273.52.35008

17. Wu Q, Ding W, Mirza A, Van Arsdale T, Wei I,
Bishop WR, Basso A, McClanahan T, Luo L, Kirsch-
meier P, et al. Integrative genomics revealed RAI3 is a
cell growth-promoting gene and a novel P53 transcrip-
tional target. J Biol Chem 2005; 280:12935-43;
PMID:15659406; http://dx.doi.org/10.1074/jbc.
M409901200

18. Tao Q, Fujimoto J, Men T, Ye X, Deng J, Lacroix L,
Clifford JL, Mao L, Van Pelt CS, Lee JJ, et al. Identifi-
cation of the retinoic acid-inducible Gprc5a as a new
lung tumor suppressor gene. J Natl Cancer Inst 2007;
99:1668-82; PMID:18000218; http://dx.doi.org/
10.1093/jnci/djm208

19. Xu J, Tian J, Shapiro SD. Normal lung development in
RAIG1-deficient mice despite unique lung epithelium-
specific expression. Am J Respir Cell Mol Biol 2005;
32:381-7; PMID:15677768; http://dx.doi.org/
10.1165/rcmb.2004-0343OC

20. Deng J, Fujimoto J, Ye XF, Men TY, Van Pelt CS,
Chen YL, Lin XF, Kadara H, Tao Q, Lotan D,
et al. Knockout of the tumor suppressor gene
Gprc5a in mice leads to NF-kappaB activation in
airway epithelium and promotes lung inflammation
and tumorigenesis. Cancer Prev Res (Phila Pa)
2010; 3:424-37; http://dx.doi.org/10.1158/1940-
6207.CAPR-10-0032

21. Haddad JJ. Nuclear factor (NF)-kappa B blockade
attenuates but does not abrogate LPS-mediated inter-
leukin (IL)-1 beta biosynthesis in alveolar epithelial
cells. Biochem Biophys Res Commun 2002; 293:252-

7; PMID:12054592; http://dx.doi.org/10.1016/
S0006-291X(02)00213-9

22. Matsuda N, Hattori Y, Takahashi Y, Nishihira J, Jes-
min S, Kobayashi M, Gando S. Therapeutic effect of in
vivo transfection of transcription factor decoy to NF-
kappaB on septic lung in mice. Am J Physiol Lung Cell
Mol Physiol 2004; 287:L1248-55; PMID:15298852;
http://dx.doi.org/10.1152/ajplung.00164.2004

23. Oshikawa K, Sugiyama Y. Gene expression of Toll-like
receptors and associated molecules induced by inflam-
matory stimuli in the primary alveolar macrophage.
Biochem Biophys Res Commun 2003; 305:649-55;
PMID:12763043; http://dx.doi.org/10.1016/S0006-
291X(03)00837-4

24. Koay MA, Gao X, Washington MK, Parman KS, Sadi-
kot RT, Blackwell TS, Christman JW. Macrophages
are necessary for maximal nuclear factor-kappa B acti-
vation in response to endotoxin. Am J Respir Cell Mol
Biol 2002; 26:572-8; PMID:11970909; http://dx.doi.
org/10.1165/ajrcmb.26.5.4748

25. Lentsch AB, Czermak BJ, Bless NM, Van Rooijen N,
Ward PA. Essential role of alveolar macrophages in
intrapulmonary activation of NF-kappaB. Am J Respir
Cell Mol Biol 1999; 20:692-8; PMID:10101001;
http://dx.doi.org/10.1165/ajrcmb.20.4.3414

26. Cheng DS, Han W, Chen SM, Sherrill TP, Chont M,
Park GY, Sheller JR, Polosukhin VV, Christman JW,
Yull FE, et al. Airway epithelium controls lung inflam-
mation and injury through the NF-kappa B pathway. J
Immunol 2007; 178:6504-13; http://dx.doi.org/
10.4049/jimmunol.178.10.6504

27. Rojas M, Woods CR, Mora AL, Xu J, Brigham KL.
Endotoxin-induced lung injury in mice: structural,
functional, and biochemical responses. Am J Physiol
Lung Cell Mol Physiol 2005; 288:L333-41;
PMID:15475380; http://dx.doi.org/10.1152/
ajplung.00334.2004

28. Matute-Bello G, Frevert CW, Martin TR. Animal
models of acute lung injury. Am J Physiol Lung Cell
Mol Physiol 2008; 295:L379-99; PMID:18621912;
http://dx.doi.org/10.1152/ajplung.00010.2008

29. Hammad H, Chieppa M, Perros F, Willart MA, Ger-
main RN, Lambrecht BN. House dust mite allergen
induces asthma via Toll-like receptor 4 triggering of air-
way structural cells. Nat Med 2009; 15:410-6;
PMID:19330007; http://dx.doi.org/10.1038/nm.1946

30. Skerrett SJ, Liggitt HD, Hajjar AM, Ernst RK, Miller
SI, Wilson CB. Respiratory epithelial cells regulate
lung inflammation in response to inhaled endotoxin.
Am J Physiol Lung Cell Mol Physiol 2004; 287:L143-
52; PMID:15047567; http://dx.doi.org/10.1152/
ajplung.00030.2004

31. Deng J, Miller SA, Wang HY, Xia W, Wen Y, Zhou
BP, Li Y, Lin SY, Hung MC. beta-catenin interacts
with and inhibits NF-kappa B in human colon and
breast cancer. Cancer Cell 2002; 2:323-34;
PMID:12398896; http://dx.doi.org/10.1016/S1535-
6108(02)00154-X

1412 Volume 14 Issue 9Cell Cycle


