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Background: Lens degeneration in Fpr1�/� mice prompted us to search for functional FPR1 expression directly on lens
epithelial cells.
Results: FPR1 is functionally expressed on human lens epithelial cells but has atypical properties compared with hematopoietic
cell FPR1.
Conclusion: Lens epithelial cell FPR1 may be involved in development and maintenance of the lens.
Significance: This is the first link between non-hematopoietic expression of FPR1 and an ophthalmologic phenotype.

Formyl peptide receptor 1 (FPR1) is a G protein-coupled che-
moattractant receptor expressedmainly on leukocytes. Surpris-
ingly, aging Fpr1�/� mice develop spontaneous lens degenera-
tion without inflammation or infection (J.-L. Gao et al.,
manuscript in preparation). Therefore, we hypothesized that
FPR1 is functionally expressed directly on lens epithelial cells,
the only cell type in the lens. Consistent with this, the human
fetal lens epithelial cell line FHL124 expressedFPR1mRNAand
was strongly FPR1 protein-positive by Western blot and FACS.
Competition binding using FPR1 ligands N-formyl-Nle-Leu-
Phe-Nle-Tyr-Lys (Nle � Norleucine), formylmethionylleucyl-
phenylalanine, and peptideW revealed the same profile for FHL
124 cells, neutrophils, and FPR1-transfectedHEK293 cells. Sat-
uration binding with fluorescein-labeled N-formyl-Nle-Leu-
Phe-Nle-Tyr-Lys revealed�2500 specific binding sites on FHL-
124 cells (KD � 0.5 nM) versus �40,000 sites on neutrophils
(KD � 3.2 nM). Moreover, formylmethionylleucylphenylalanine
induced pertussis toxin-sensitive Ca2� flux in FHL 124 cells,
consistent with classic Gi-mediated FPR1 signaling. FHL 124
cell FPR1 was atypical in that it resisted agonist-induced inter-
nalization. Expression of FPR1 was additionally supported by
detection of the intact full-length open reading frame in
sequenced cDNA from FHL 124 cells. Thus, FHL-124 cells
express functional FPR1, which is consistent with a direct func-
tional role for FPR1 in the lens, as suggested by the phenotype of
Fpr1 knock-out mice.

The formyl peptide receptor (FPR)3 family consists of Gi-
coupled receptors that are activated by diverse agonists, includ-
ing eponymous N-formylated peptides originating from bacte-
ria and mitochondria. In humans the FPR family consists of
three receptors, namely the “high affinity FPR,” FPR1, the “low
affinity FPR,” FPR2/ALX (previously known as FPRL1 or ALX),
and FPR3. All are expressed by phagocytic cells of the immune
system (1). Human FPR1 is important for phagocyte che-
motaxis, superoxide production, and degranulation and helps
direct phagocytes to sites of infection. Inmice, there are at least
eightmembers of the FPRgene family.Mouse Fpr1 is important
for antibacterial host defense but binds the prototype formyl
peptide fMLFwithmuch lower affinity than human FPR1 (1, 2).
Although FPR1 is expressed predominantly in phagocytic

leukocytes, it has also been reported in glioblastoma (3), where
it may promote a more aggressive phenotype (4). The evidence
for functional FPR1 expression in non-cancerous non-hemato-
poietic cells in healthy humans is limited to a few scattered
reports, most of them of uncertain biological significance. Very
early reports showed a role of formyl peptide receptors in the
modulation of the tone of coronary and pulmonary arteries (5,
6). The first systematic investigation of FPR1 expression in a
broad range of human tissues (neuromuscular, vascular, endo-
crine, and immune) was limited to a description of immunore-
activity using an FPR1-specific antibody (7). Functional FPR1
expression has been demonstrated on fibroblasts (8), human
bone marrow mesenchymal stem cells (9–11), A549 lung cells
(12), HEP-G2 (13) hepatoma cells, and for several kinds of epi-
thelial cells including Beas2B lung epithelial cells (14),
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gastric epithelial cells (17) and most recently human retinal
pigment epithelial cells (18). In several of these reports, it was
proposed that FPR1may play a role inwound healing and tissue
repair, and for some of the epithelial cells this was supported
with data from in vitro models of wound healing. However,
except for a study on the role of FPR1 in zebrafish and rabbit
bone formation (11), evidence for a function of FPR1 in non-
cancerous tissues under in vivo conditions has been lacking. A
role for FPR1 on non-hematopoietic cells is supported indi-
rectly by the discovery of FPR2 on non-hematopoietic cells and
tissues, such as astrocytes and lung (1) and expression of more
distantly related members of the mouse FPR family in the
vomeronasal organ of mice (19, 20).
Recently we observed that as Fpr1�/� mice age, the lens of

the eye degenerates and forms severe cataracts without any
inflammation or infection.4 The mechanism may involve Fpr1
function directly on lens epithelial cells, as they express Fpr1
mRNAand are the only cell type in the lens. However,mouse lens
epithelial cell lines are not available, and it is not feasible to obtain
sufficient primary mouse lens cells for biochemical analysis. For
these reasons and to begin to test whether human lens function
may also be regulated directly by FPR1,we have investigated FPR1
expression and function using human lens epithelial cell lines.

EXPERIMENTAL PROCEDURES

Reagents and Buffers—DMEM, lymphocyte separation
medium,G418,HEPES (1M), PBS, andHBSSwere fromCellgro
(Manassas, VA). Medium 199 and trypsin/EGTA were from
Invitrogen. FBS was from Gemini Bio-Products (West Sacra-
mento, CA). fNLFNYK was from Genscript (Piscataway, NJ),
fMLFwas fromSigma, peptide-W (WKYMVm)was fromMac-
romolecular Resources (Ft. Collins, CO), and fNLFNYK-Fl was
from Invitrogen. PE-labeled mouse anti-FPR1 mAb (25 �g/ml
stock solution, catalog no. FAB3744P, clone 350418) and PE-
labeled IgG2A control (10 �g/ml, catalog no. IC003P, clone
20102) were from R&D Systems (Minneapolis, MN).
Cells—The infant human lens epithelial cell line SRA 01/04

(21) and the fetal human lens epithelial cell line FHL 124 (22)
were maintained in Medium 199 supplemented with 10% FBS
and 20% fresh keratinocyte growth medium (Lonza, Walkers-
ville,MD). HEK 293 cells (ATCC,Manassas, VA)were cultured
in DMEM plus 10% FBS. HEK 293 cells stably expressing FPR1
(23) were selected with 2 mg/ml G418 (Cellgro). Cells were
cultured at 37 °C in 5% CO2 and 100% humidity. Human neu-
trophils were prepared as previously described (24) fromwhole
blood obtained from the Department of TransfusionMedicine,
Clinical Center, NIH. If not indicated otherwise, adherent cells
were detached with trypsin (0.05%, 2 min).
Flow Cytometry—Cells (0.25–0.5 � 106/sample) were sus-

pended in 25 �l of FACS buffer (HBSS plus 0.5% BSA, 0.1%
NaN3, and 20 mM HEPES) plus 10 �l of anti-FPR1 or isotype
controlmAb. Sampleswere incubated for 45–60minon ice, then
centrifuged (5 min, 4 °C, 500 � g) and washed 1–2� with FACS
buffer. Cells were resuspended in 300 �l of FACS buffer, and PE
fluorescence was determined in the Fl-2 PMT of a FACSCali-
burTM flow cytometer. Data were analyzed withWinMDI 2.9.

Western Blot—For membrane preparations, cell monolayers
were detached with PBS plus 1mM EDTA at 37 °C, centrifuged,
and resuspended in 2–4ml of lysis buffer (10mMTris-HCl, pH
7.5, 1mMEDTA, andComplete- or Complete/Mini EDTA-free
protease inhibitor mixture (Roche Diagnostics)). Cells were
then homogenized on ice by 50–100 strokes in a Dounce
homogenizer and centrifuged (5min, 4 °C, 500� g). The super-
natant was then centrifuged (60 min, 4 °C, 16,000 � g), and the
membrane pellet was resuspended in PBS and frozen at�80 °C.
Protein concentrationwas determined using theQuick StartTM
Protein Assay (Bio-Rad).
For alkali-stripping, membranes were incubated in 200–500

�l of 10 mMNaOH for 10 min on ice. After centrifugation (1–2
h, 4 °C, 16,000 � g), the pellet was resuspended in PBS, and
protein concentration was determined. For PNGase F diges-
tion, membrane samples were incubated for 10–20 min at RT
in 1� SDS-containing glycoprotein denaturation buffer (New
England Biolabs, Ipswich, MA). G7 reaction buffer, Nonidet
P-40, PNGase F (New England Biolabs), and water were added
to yield 1� G7 reaction buffer, 1% Nonidet P-40, and 75,000
units/ml PNGase F. After 1–2 h of incubation at 37 °C, 4�
NuPAGE� LDS sample buffer (Invitrogen) was added, and the
samples were stored at �80 °C. SDS PAGE was performed for
60–90 min at �100 V onMini-Protean TGX 4–15% gels (Bio-
Rad). The samples weremixed with 2� sample buffer prepared
as previously described (25) or with 4� NuPAGE� LDS sample
buffer, both containing 2-mercaptoethanol (35 �l/ml). Immu-
noblotting was performed with Immobilon-P PVDF mem-
branes (Millipore, Billerica, MA), blocked overnight with 5%
milk in TBST. Blocking time can be reduced to 1–2 h with
essentially the same results. After a brief wash with TBST, the
membrane was incubated with primary antibodyNFPR2 (1:750
in 5% dry milk/TBST, 45 min). Incubation was also performed
overnight (at 4 °C) without a considerable increase in back-
ground. Themembranes were washed with TBST (3 � 10min)
and incubated for 1–2h at RTwith a 1:3000–1:5000 diluted (5%
drymilk/TBST) polyclonal HRP-labeled rabbit anti-mouse IgG
antibody (Abcam, Cambridge, MA). Then the blots were
washed again with TBST (3 � 10 min) and developed with
chemiluminescence reagent. Luminescence was detected with
a HyBlot CL autoradiography film (Denville Scientific Inc.,
Metuchen, NJ).
For �-actin, the chemiluminescence reagent was removed

with TBST, and the membrane was incubated twice (30 min at
RT) with stripping buffer preheated to 55 °C. After another
wash with TBST, the blot was blocked with 5% BSA/TBST (up
to 8 h) and then incubated for 1 h with 1:1000 diluted (5%
BSA/TBST) �-actin antibody (Abcam). Ponceau S (Sigma)
staining (30 min at RT) was performed between stripping and
re-blocking.
For theMAP kinase assays, the membranes were blocked for

1 hwith 5% drymilk in TBST, washed 3 times 5minwith TBST,
and then incubated overnight with the corresponding antibody
in 5% BSA/TBST at 4 °C. For ERK 1/2 activation we used the
anti-phospho-ERK 1/2 antibody (D13.14.4E, catalog no. #4370,
1:2000, Cell Signaling Technologies, Beverly,MA) and the anti-
total ERK 1/2 antibody (137F5, catalog no. #4695, 1:1000, Cell
Signaling). For p38 activation, we incubated with anti-phospho4 J.-L. Gao et al., manuscript in preparation.
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p38 (D3F9, catalog no. 4511, 1:1000, Cell Signaling) and anti-
total p38 (catalog no. 9212, Cell Signaling). On the next day the
blots were washed with TBST and incubated with secondary
antibody (1:2000–1:3000,HRP conjugated goat anti rabbit, cat-
alog no. 7074, Cell Signaling). After washing with TBST, the
blots were incubated with chemiluminescence reagent as
described above.
Confocal Microscopy—Cells were grown to log phase in

DMEM � 10% FBS, washed with HBSS, and resuspended in
FACSbuffer at 107 cells/ml. 25�l of this suspensionweremixed
with either 10 �l of undiluted anti-FPR1 mAb or undiluted
IgG2A isotype control. After incubation for 30 min on ice, cells
were washed with 400 �l of FACS buffer, centrifuged, and
resuspended in 1000 �l of FACS buffer. For fluorescent FPR1
ligand labeling, cells were suspended in binding buffer (HBSS
with Ca2� and Mg2�, HEPES 20 mM, BSA 0.1%) containing 10
nM fNLFNYK-Fl (total binding) � a 100-fold excess unlabeled
fNLFNYK (nonspecific binding) and incubated for 15 min on
ice in the dark. Fluorescently labeled cells were placed on the
stage of a Leica SP5 inverted fluorescent microscope and
imaged after 10 min at RT.
Determination of Receptor Density—Receptor density was

determined with fluorescein-coated calibration beads (Quan-
tumTM FITC-5 Premix, lot #9974, Bangs Laboratories, Fishers,
IN). Beads and cells (binding samples with 10 nM fNLFNYK-Fl)
were measured with a FACSCaliburTM flow cytometer (Fl-1 �
550 V). The MESF number (molecular equivalents of soluble
fluorescein) per cell was converted to the number of
fNLFNYK-Fl molecules by multiplying by 1.22 fNLFNYK-
Fl eq/MESF as previously reported (26). Because 10 nM
fNLFNYK-Fl occupy only 75% of FPR1 on HEK 293-FPR1�

cells and PMNs, the result for these cells (but not for FHL 124
cells) was multiplied by 1.33.
Internalization Experiments—Human neutrophils and FHL

124 and HEK 293-FPR1� cells were suspended in binding
buffer (0.5–1� 106 cells/ml) prepared as described for confocal
microscopy. After incubation� fMLF (30min at 37 °C or, as an
additional control, on ice), the cells were centrifuged (4 °C, 5
min, 500� g), washedwith binding buffer, resuspended in 25�l
of FACS buffer, and stained with antibodies as described under
“Flow Cytometry” above.
Flow Cytometric Binding Assays—In general, 150 �l of a cell

suspension (�106 cells/ml) in binding buffer (cf. confocal
microscopy section)weremixedwith 150�l of ice-cold binding
buffer containing 2� concentrated ligands. After incubation on
ice (30–60min), the samples were immediately measured with
a FACSCaliburTM flow cytometer (Fl-1) under equilibrium
conditions as previously described (27).
For saturation binding cells were incubated with increasing

concentrations (0–100 nM) of fNLFNYK-Fl in the absence of
other ligands (total binding) or in the presence of a 1000-fold
excess of peptide W (nonspecific binding). For competition
binding, cells were incubatedwith fNLFNYK-Fl (3 nM or 10 nM)
and increasing concentrations (0.1 nM–10 �M) of fMLF,
fNLFNYK, or peptide W. Total binding was determined in the
absence of competing ligands.KD andKi values were calculated
with Graph Pad Prism 5.03 (GraphPad Software, La Jolla, CA).

Calcium Flux Assay—Cells were suspended in BSA-free
binding buffer (2.5 � 106 cells/ml) and mixed with an equal
volume of component A (Calcium 3 assay kit, Molecular Devices,
Sunnyvale, CA) in a 96-well plate. After 30–45min of incubation
(37 °C, 5%CO2), the plate was centrifuged (5min, 1000 rpm), and
the Ca2� assay was performed with a FlexStation 3 plate reader
(Molecular Devices). Emission was detected at 525 nm after exci-
tation at 485 nm. Data were analyzed with SoftMax Pro 5.4
(Molecular Devices).
Homologous desensitization was determined by FlexStation

as follows; after 30 s of base-line recording, an appropriate vol-
ume of 10� agonist solution was added. A second agonist addi-
tion occurred at t� 210 s. Themeasurementwas stopped at t�
450 s.
Alternatively, Ca2� assays were performed by flow cytom-

etry. Cell suspensionsweremixedwith an equal volume of indi-
cator dye solution. After 30–45 min of incubation (37 °C, 5%
CO2) the cells were washed twice with BSA-free binding buffer
and resuspended in BSA-free binding buffer (0.5 � 106 cells/
ml). The Ca2� responses were analyzed for 90–120 s. The data
were exported to a text file (with WinMDI). The graphs were
generatedwithGraphPadPrism5.03 (averaging and smoothing
with a 2nd order polynomial with 20 neighboring points).
The effect of pertussis toxin (PTX, List, Campbell, CA) on

signaling was tested using a final concentration of 750 ng/ml
PTX (PBS buffer for negative control). After incubation for 4–5
h (37 °C, 5% CO2), cells were trypsinized and tested for calcium
flux responses.
MAPKinase Activation Assay—FHL 124 cells were seeded in

100 � 20-mm Petri dishes (400,000 cells/dish) or in 6-well
plates (300,000 cells/well). 24 h before the experiment, supple-
mented medium 199 was replaced by serum- and growth fac-
tor-free medium 199. In ERK 1/2 activation assays, the MEK
inhibitor U0126 in DMSO was added to one sample at a con-
centration of 10 �M. The corresponding volume of DMSO was
added to all other samples that did not contain MEK inhibitor.
Stimulation of the cells was performed by removing the
medium and replacing it with 1.5 ml (6-well plates) or 5 ml
(Petri dishes) medium 199 containing 10 �M fMLF. The stimu-
lation was stopped after 2, 5, 10, and 30 min by removing the
medium, washing the monolayer once with HBSS, and lysing
the cells with 150 �l (6-well plate) or 350 �l (Petri dishes) of
M-PERmammalian protein extraction reagent (Thermo Scien-
tific, Rockford, IL). Protease inhibitor (1� Roche Complete
protease inhibitor mixture) and phosphatase inhibitor (Roche
PhosStop, 1 Tbl/10 ml) were added to the M-PER reagent
immediately before use. The 0 value was stopped after 30 min
(6-well plate experiment) or after 7–8 min (Petri dish experi-
ment). The lysates were transferred to Eppendorf tubes and
kept on ice until all samples were stopped. Then the lysates
were centrifuged for 10 min at 14,000 � g and 4 °C. The super-
natant was removed and frozen at �80 °C. For the Western
blots, the protein concentration was determined by the Brad-
ford method. Samples containing loading buffer with SDS and
�-mercaptoethanol were heated for 10–15 min at 100 °C, and
10 or 25 �g of protein were applied per lane of the gel.
mRNA Extraction and qPCR—mRNA was isolated with the

RNeasy Mini kit (Qiagen, Valencia, CA) and reverse-tran-
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scribed using a Biometra T-Gradient thermocycler (Biometra,
Göttingen, Germany). PCR reagents including Moloney
murine leukemia virus reverse transcriptase were from Pro-
mega (Madison, WI). Real time PCR was performed with a
FAM-MGB-labeled probe (20�, Hs00181830_m1, Applied
Biosystems, Carlsbad, CA) and TaqManGene ExpressionMas-
ter Mix (Applied Biosystems) using a 7900HT Fast Real-time
PCR system (Applied Biosystems). Data were analyzed with
SDS 2.2.2 (Applied Biosystems).
Determination of mRNA Half-life with Actinomycin D—One

day before the experiment, cells were seeded at a density of
300,000/well in a 6-well plate. On the next day, actinomycin D
stock solution (actinomycinD-mannitol, 0.4mg/ml, catalog no.
A5156, Sigma) was added to yield a final actinomycin D con-
centration of 2 �g/ml. The cells were incubated at 37 °C, and
mRNA was isolated from the negative control (without actino-
mycin D). The other 5 wells were stopped at 5 appropriate time
points between 0 and 24 h. The isolation of mRNA was either
performed by direct lysis of the cells in the plate or by lysis of a
pellet of trypsinized cells. The mRNA was reverse-transcribed
to cDNA, and qPCRwas performed as described under “mRNA
Extraction and qPCR” above.
Small Interfering RNA Analysis—Cells were nucleofected in

buffer from AMAXA nucleofector kit V (Lonza) at a density of
107 cells/ml. 100 pmol of FPR1 siRNA (three 20–25-nucleotide
siRNAs, catalog no. sc-40121, Santa Cruz Biotechnology, Santa
Cruz, CA), 100 pmol of scrambled fluorescein-labeled siRNA
(Santa Cruz Biotechnology, catalog no. sc-36869), or water was
added to 100 �l of cell suspension and nucleofected with pro-
gram X-005 (FHL 124) or Q-001 (HEK 293-FPR1�) of the
Nucleofector II Device (Lonza). After culturing of the cells in 6-
or 12-well plates for 24 h, mRNA isolation and flow cytometric
experiments were performed.
For the shRNA experiments, the plasmids were dissolved in

10 mM Tris, 1 mM EDTA at a concentration of 0.1 �g/�l. FHL
124- and HEK 293 cells were suspended in supplemented
Nucleofection Kit V buffer to yield a final density of 1.1 � 106
cells/100 �l. Then 22 �l of FPR1 shRNA (Santa Cruz, catalog
no. sc-40121-SH), scrambled shRNA (Santa Cruz, catalog no.
sc-108060), or H2O (DNA-free water control) were added to
200 �l of the cell suspension. The final transfection samples
contained 1 �g of plasmid per 100 �l and 1 � 106 cells/ml. The
transfections were performed using program X-005 (FHL 124)
or Q-001 (HEK 293-FPR1�) of the Lonza nucleofection
machine. The cells were seeded in 25- or 75-cm2 culture flasks.
After culturing the cells for 48 h, puromycin (2.5�g/ml for FHL
124- and 10 �g/ml for HEK 293 cells) was added as selection
antibiotic. Four weeks after the transfection, both cell lines
were maintained in the presence of 10 �g/ml of puromycin.
Sequencing of FPR1 mRNA from FHL 124 cells—Preparation

of mRNA and reverse transcription were performed as
described in the mRNA extraction and qPCR paragraph. The
target sequencewas amplified using the forward primer hFPR1f
(5�-AGA CCT AGA ACT ACC CAG AGC AA-3�) and the
reverse primer hFPR1-S6-r (5�-GGA GCT CGA AAG TGT
CCC-3�), both of which hybridize with cDNA sequences that
correspond to parts outside the open reading frame. The fol-
lowing PCR programwas used: (1) 2 min at 95 °C, (2) 0.5 min at

95 °C, (3) 0.5 min at 55 °C, (4) 2.0 min at 72 °C, (5) 10 min at
72 °C. Steps 2–4 were repeated 34 times. The PCR product was
isolated using the PCR purification kit (Qiagen) and according
to the manufacturer’s instructions. Dye terminator sequencing
was performed by ACGT (Wheeling, IL) using the forward
primers hFPR1-S1 (5�-GAG CAA GAC CAC AGC TGG-3�),
hFPR1-S2 (5�-GGC TGG TTC CTG TGC AAA-3�), hFPR1-S4
(5�-GAG AGG CAT CAT CCG GTT-3�), hFPR1-S5 (5�-AGG
CTGATCCACGCCCTT-3�), and the reverse primer hFPR1-
S6r (5�-GGAGCTCGAAAGTGTCCC-3�). All PCR reactions
were performed using PfuUltra DNA Polymerase (Agilent,
Santa Clara, CA). Sequence analysis was performed with Gene-
Runner V3.05 (Hastings Software, Inc., Hastings, NY) or
Sequencher (Gene Codes Corp., Ann Arbor, MI).

RESULTS

FPR1 Is Expressed by Human Lens Epithelial Cells—FPR1
mRNAwas detected by PCR in both FHL 124 (Fig. 1A) and SRA
01/04 (data not shown) human lens epithelial cell lines. Target
specificity of the qPCR reactions was assured by predigestion of
RNA samples with DNase and by using primers that span an
FPR1 intron. Moreover, stable transfection of FHL 124 cells
with FPR1-specific shRNA inhibited the PCR signal, causing a
moderate but significant reduction by �30%, compared with
cells transfected with scrambled shRNA (Fig. 1A).
Consistent with this, we found that FHL 124 cells stained

specifically with anti-FPR1 mAb. Similar results were obtained
for SRA 01/04 cells (supplemental Figs. S1 and S2). Transfec-
tion with FPR1-specific shRNA reduced FPR1 antibody stain-
ing of FHL 124 cells to a similar magnitude (�20%) as FPR1
mRNA (Fig. 1B). Binding of the fluorescent ligand fNLFNYK-Fl
(10 nM) to FHL 124 cells was also affected by FPR1 shRNA to a
similar magnitude (�40% reduction) as FPR1 mRNA (p �
0.0554, Fig. 1C). Consistent with this, FPR1 shRNA reduced
fMLF-induced calcium flux in FHL124 cells by �20% as com-
pared with cells transfected with scrambled shRNA (Fig. 1D) or
DNA-free H2O control.

We also performed experiments with short-acting FPR1-
specific siRNA. In preliminary experiments with cells cultured
in the presence of actinomycin D (data not shown), we found
that the FPR1 transcript in FHL 124 cells has a half-life of�6 h,
which should result in a�90% reduction of FPR1mRNAwithin
24 h. In fact, 24 h after transfection of FHL 124 cells with FPR1-
specific siRNA, the FPR1 mRNA was reduced by 75%, which is
a 3-fold stronger reduction than achieved by shRNA (data not
shown). The siRNA apparently induces higher effective con-
centrations in our system than the continuously expressed
shRNA. However, we did not observe any effect on FACS anti-
body staining and only a weak non-significant effect on fluores-
cent ligand binding (data not shown). Thus, in contrast to
shRNA, FPR1 siRNA was only effective at the mRNA level, not
the protein level. This may be due to the fact that siRNA acts
only transiently and is quickly degraded, whereas shRNA is
constantly produced and replenished by the cell. If the target
protein is very stable, the time window of the siRNA effect may
be too short to produce a significant decrease in protein levels.
The shRNA, however, is continuously present, and even if the
concentration is low, it acts for a sufficiently long time to pro-
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duce a new equilibrium between mRNA and protein where
even small reductions in mRNA are reflected by corresponding
reductions in protein levels.
We addressed the structural state of FPR1 protein from FHL

124 cellmembranes, as defined byWestern blot detection using
a previously described second FPR1-specific antibody, the
monoclonal reagent NFPR2 (25). This antibody strongly
detected a broad band between 35 and 60 kDa in FPR1-trans-
fectedHEK 293 cells (Fig. 2A, left lane), in good agreement with
published data for FPR1 in neutrophils and FPR1-transfected
CHO cells using the same antibody (25) and in human HL-60
neutrophils detected by radioligand affinity labeling (28). No cor-
responding band was found in wild type HEK 293 cells (Fig. 2A,
right lane). FPR1 isknowntobeglycosylatedat theNterminus (28,
29), and this has been shown to account for the broad distribution
of the immunoreactive protein onWestern blot analysis. We also
found an additional immunoreactive band at 120 kDa in FPR1
transfectants and wild type HEK 293 cells (Fig. 2A).
Because anti-FPR1 surface staining by FACS was similar in

magnitude for FHL 124 cells and FPR1-transfected HEK 293
cells, we expected to find similar results for FPR1protein for the
twocell typesbyWesternblot.Wedid in fact observe theexpected
immunoreactive band for FHL 124 cell membranes at �60 kDa;
however, the relative intensities were the converse of the FPR1-
transfected HEK 293 cells (Fig. 2B, lanes 1–3). The 120-kDa band
was consistently found with high intensity in FHL 124 cell mem-
branes and with variable intensity in several batches of wild type
and hFPR1-transfected HEK 293membranes.

We hypothesized that the 120-kDa band may represent a
second FPR1 species that exists either as a dimer or as a com-
plexwith one or several other proteins. Thus, we treated the cell
membranes with NaOH (10 mM), which has previously been
used to remove peripheral membrane proteins (30, 31) and
should also be able to break protein complexes that are held
together by electrostatic interactions. This treatment com-
pletely removed the 120-kDa species from the Western blot of
FHL 124- and wild type HEK 293 cells. When the same amount
of protein fromNaOH-treated and -untreated FHL124 cellmem-
branes was applied to theWestern blot, the immunoreactive pro-
tein at 60 kDawas concentrated, resulting in a stronger band (Fig.
2B, fourth lane). The distribution of this signal in FHL 124 mem-
branes was much narrower than for FPR1-transfected HEK 293
cellmembranes, possiblybecauseof conformationaldifferencesor
differences in glycosylation pattern. Interestingly, neutrophil
membranes probed with the same anti-FPR1 antibody reagent
contained only the 60-kDa species and not the 120-kDa band (Fig.
2B, fifth lane). Treatment of the membranes with NaOH did not
change the results (Fig. 2B, sixth lane).
To provide further evidence that the 60-kDa band is in fact

FPR1, we treated the membranes with PNGase F. This enzyme
selectively removes N-linked glycosylation moieties from pro-
teins, the type that has previously been demonstrated to post-
translationally modify the N-terminal extracellular domain of
FPR1 (28, 29). Efficiency of the digestion procedure was shown
with membranes from FPR1-transfected HEK 293 cells (posi-
tive control) and wild type HEK 293 cells (negative control). As

FIGURE 1. Lens epithelial cells constitutively express FPR1; RNA and immunophenotypic evidence. A, RNA is shown. FHL 124 cells nucleofected with the
shRNA indicated on the x axis were analyzed for FPR1 mRNA expression by PCR. B, immunophenotype is shown. FHL 124 cells nucleofected with the shRNAs
indicated on the x axis were analyzed by FACS with a PE-labeled anti-FPR1 mAb. C, ligand binding; FHL 124 cells nucleofected with the shRNAs indicated on the
x axis were analyzed by FACS with the fluorescent agonist ligand fNLFNYK-Fl (10 nM). D, Ca2� assay; FHL 124 cells nucleofected with the shRNAs indicated in the
legend were stimulated with 1 �M fMLF, and the Ca2� response was followed for 150 s. The base line (first 20 s) of each individual curve and a background curve
recorded with only buffer (no fMLF) were subtracted from each signal. Then all experiments were pooled and transformed to % of the peak signal intensity of
the siRNA-free (only H2O) control. All data are the means � S.E.
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shown in Fig. 2C, first and second lanes, PNGase F digestion of
FPR1-transfected HEK 293 cell membranes shifted the FPR1
band from �60 to �35 kDa. This corresponds to the size of the
deglycosylated core protein of human neutrophil FPR1 previ-
ously reported in the literature (28, 32, 33). Wild type untrans-
fected HEK 293 cell membranes showed no signal (Fig. 2C,
third and fourth lanes). Digestion of FHL 124 cell membranes
also shifted the 60-kDa band to�35 kDa (Fig. 2C, fifth and sixth
lanes). However, the 120-kDa band was resistant to PNGase F
treatment.We also appliedmembranes fromwild type untrans-
fected HEK 293 cells to the gel at the same protein amount as
the FHL124 cellmembranes. Surprisingly, we saw faint staining
at�60 kDa (Fig. 2C, seventh lane), whichwas partially shifted to
35 kDa after PNGase F treatment (Fig. 2C, eighth lane). Thus,
even wild type HEK 293 cells may express a very low back-
ground level of FPR1. Ponceau S staining after stripping of the
membranes was used to verify equal protein loading (34) (Fig.
2D) as the cells had intrinsic differences in the amount of �-ac-
tin attached to the membranes.
The strong band stained by Ponceau S in the PNGase

F-treated samples is most likely the enzyme protein added to
the assay (36 kDa, according to the manufacturer’s informa-
tion). This poses the potential problem that the new species
observed in PNGase F-treated membranes may be non-specif-
ically stained PNGase F and not deglycosylated FPR1. There-
fore, we also analyzed a sample containing only the enzyme. In
fact, the enzymewas stained,most likely by the secondaryHRP-
conjugated antibody (data not shown). However, in all of our
experiments this staining was consistently weaker than the
staining in the PNGase F-treatedmembrane samples fromboth
FPR1-transfectedHEK293 cells andFHL124 cells.We stripped

the membranes and re-stained them with FPR1 antibody using
a longer incubation time. After this procedure, the enzyme
staining was completely removed, whereas the FPR1 signal was
retained at its original intensity (data not shown). Therefore,
the 35-kDa species observed in PNGase F-treated membranes
from FPR1-transfected HEK 293 cells and FHL 124 cells repre-
sents deglycosylated receptor protein and not just the added
enzyme.
FPR1 Is Functional on Human Fetal Lens Epithelial Cells—

To test whether FPR1 on FHL 124 cells is functional, we first
investigated agonist-induced receptor down-regulation. fMLF
induced at least 80% reduction of FPR1 on the surface of neu-
trophils (Fig. 3, B and C) and FPR1-transfected HEK 293 cells
(Fig. 3C) but only �20% reduction on FHL 124 cells (Fig. 3, A
and C). There was no significant difference between the fMLF-
free 37 °C control and the controls at 4 °C (data not shown).
Moreover, the controls confirm that there was no competition
between fMLF and the fluorescent antibody, which could lead
to a reduction of staining after incubation with fMLF. Similar
results were obtained using SRA 01/04 cells (supplemental Fig.
S1).
We next tested whether the lens cells could bind the fluores-

cent agonistic FPR1 ligand fNLFNYK-Fl. Surprisingly, although
antibody staining of FPR1-transfected HEK 293 cells and FHL
124 cells was comparable (Fig. 4, A and B), FHL 124 cells
showedmuch less fluorescent ligand binding than FPR1-trans-
fected HEK 293 cells (Fig. 4, C and D). A similar discrepancy
between antibody staining and fNLFNYK-Fl binding was
observed in SRA 01/04 lens epithelial cells (supplemental Fig.
S2).

FIGURE 2. Lens epithelial cells constitutively express FPR1. Western blots were probed in panels A and B and the top portion of C with NFPR2, a mAb to FPR1.
PMN stands for polymorphonuclear leukocytes (neutrophils). The bottom portion of panel C depicts the blot from the top of panel C reprobed with anti-�-actin
after stripping. Panel D depicts lanes 5– 8 from the blot in panel C stained with Ponceau S as an additional loading control. The amount of membrane protein
loaded is indicated below each lane. The cell types tested and cell treatments are indicated at the top. HEK hFPR1�, FPR1-transfected HEK 293 cells. Western blots
in A, B, and C are from separate experiments. For A and B, the Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific) was used, and for C the
chemiluminescent Amersham Biosciences ECL Plus detection reagent (GE Healthcare) was used.
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These results were confirmed by confocal microscopy (Fig.
5). We were unable to detect specific fNLFNYK-Fl binding to
FHL 124 cells, whereas anti-FPR1 antibody clearly bound to the
surface of FHL 124 cells. Both reagents bound specifically to the
surface of FPR1-transfected HEK 293 cells.
Despite the extremely low specific binding of fNLFNYK-Fl

detected for FHL 124 cells by flow cytometry, we attempted to
determine the KD. To validate the assay, we first performed
saturation binding experiments with human neutrophils and
HEK 293-FPR1� cells. Specific binding was saturable in both
cases, and nonspecific binding never exceeded 30% of the total
binding (Fig. 6,A and B). Untransfected HEK 293 cells (Fig. 6C)
showed very low specific binding, confirming theWestern blot
results that also had shown the presence of very few FPR1mol-
ecules. We calculated an fNLFNYK-Fl KD value of 3.2 � 0.1 nM
(n � 2, mean � S.E.) for human neutrophils and 2.7 � 0.3 nM
(n � 2, mean � S.E.) for HEK 293-FPR1� cells. In contrast,
saturation binding assayswith FHL124 cells revealed extremely
low specific binding of fNLFNYK-Fl with a nonspecific back-
ground of 80–90% (Fig. 6D). Nevertheless, subtraction of non-
specific binding resulted in a curve with the typical shape of a

monophasic saturation binding curve in the initial part. How-
ever, there was a sudden increase in specifically bound fluores-
cence at higher concentrations of fNLFNYK-Fl (Fig. 6E). In Fig.
6F, only the first part of the curve between 0 and 13 nM
fNLFNYK-Fl is shown, demonstrating a high affinity binding
site that is saturated in this concentration range. The KD value
calculated from this initial portion of the curve is 0.5 � 0.2 nM
(n � 5, mean � S.E.). A direct comparison with wild type HEK
293 cells shows a 2–3-fold higher specific binding of
fNLFNYK-Fl to FHL 124 cells (Fig. 6C).
We quantitated receptor expression for each cell type with 10

nM fNLFNYK-Fl by calibration using fluorescein-coated beads
(Table 1). FHL 124 cells expressed �2500 receptors per cell, less
than 10% that of expression on HEK 293-FPR1� cells (�70,000
receptors/cell) and human neutrophils (�40,000 receptors/cell).
To investigate the pharmacology of the FHL 124 cell FPR1 in

more detail, we determined IC50 values for three standard FPR1
agonists (fMLF, fNLFNYK, and peptide W) in competition
binding assays in the presence of 3 nM fNLFNYK-Fl. All three
FPR1 agonists displaced fNLFNYK-Fl with the same rank order
of potency onHEK 293-FPR1� cells, FHL 124 cells, and human

FIGURE 3. FPR1 is resistant to ligand-induced internalization in lens epithelial cells. Cells were incubated for 30 min at 37 °C in the presence (dashed line)
or absence (solid line) of 1 �M fMLF and then stained with anti-FPR1. Unstimulated control cells were also stained with isotype control mAb (dotted line). A and
B represent individual Fl-2 histograms showing the results of one representative experiment for the cell types indicated at the top. C, summary data from 2–5
independent experiments (1–2 samples for each individual condition). The number of experiments for each cell type is given above the bars.

FIGURE 4. FPR1 adopts distinct states in lens epithelial cells and FPR1-transfected HEK 293 cells; evidence from flow cytometry. A and B, staining of HEK
293-FPR1� cells (A) and FHL 124 cells (B) with anti-FPR1 is shown. Gray, anti-FPR1; black, isotype control. C and D, specific binding of fNLFNYK-Fl (10 nM) to HEK
293-FPR1� cells (C) and FHL 124 lens epithelial cells (D) is shown. Gray, total binding; black, nonspecific binding. Specific binding was calculated by subtraction
of nonspecific binding (in the presence of 10 �M fMLF) from total binding (10 nM fNLFNYK-Fl without fMLF). 	 represents the difference between anti-FPR1
staining and isotype control background (A and B) or between total and nonspecific binding (C and D). The ratio of 	(HEK 293-FPR1�)/	(FHL 124) is shown on
the right. The data are from one representative experiment that was reproduced twice.
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neutrophils (Fig. 7 and Table 2). As expected, the non-FPR1
binding chemokine MIP-1� (CCL3; MIP, macrophage inflam-
matory protein) caused no displacement. Table 2 shows similar

pIC50 values for all three cell systems. The pIC50 values were
converted to pKi values by means of the Cheng-Prusoff equa-
tion using theKD values mentioned above and a ligand concen-

FIGURE 5. FPR1 adopts distinct states in lens epithelial cells and FPR1-transfected HEK 293 cells; evidence from confocal microscopy. Cells were stained
with either antibody (anti-FPR1 or isotype control) or with 10 nM fNLFNYK-Fl (with or without excess unlabeled ligand) as indicated at the top of each column.
The cell types are indicated on the left side of each row. Data are from representative experiments that were reproduced once.

FIGURE 6. Characterization of high affinity binding sites for fluorescent FPR1 ligand fNLFNYK-Fl on lens epithelial cells. Specific binding (Œ) was
calculated by subtraction of nonspecific binding (f, presence of peptide W at a 1000-fold excess compared with fNLFNYK-Fl) from total binding (only
fNLFNYK-Fl, ●). A and B, total, nonspecific, and specific binding of fNLFNYK-Fl to HEK 293-FPR1� cells (A) and human neutrophils (B) is shown. C, comparison
of specific binding of fNLFNYK-Fl to FHL 124 cells and untransfected HEK 293 cells is shown. D–F, saturation binding of fNLFNYK-Fl to FHL 124 lens epithelial cells
shows the complete curves for total, nonspecific, and specific binding (D) as well as the complete specific binding curve alone (E) and the first part of the specific
binding curve between 0 and 12 nM (F). All fluorescence data were recorded in the FL-1 PMT of a FACSCaliburTM flow cytometer at the same Fl-1 PMT settings
(510 V). A–C show representative experiments with 2–3 replicates; the curves shown in D–F are the average of three independent experiments with 2–3
replicates.

TABLE 1
Determination of fNLFNYK-FL binding site number on the surface of human neutrophils, HEK 293-FPR1� cells and FHL 124 lens epithelial cells
using FITC-coated standard beads
Data are the means � S.E.

Cell type
(no. of experiments) �MESFa

No. of receptors
occupied (�1.22)b

Total receptor
number per cell

PMN (n � 2) 25,514 � 2,033 31,127 � 2480 �41,400 � 3300c

HEK 293-FPR1� (n � 3) 43,094 � 201 52,574 � 245 �69,900 � 330c

FHL 124 (n � 4) 2,077 � 309 2,533 � 377 �2,500 � 380
a MESF, molecular equivalents of soluble fluorescein.
b Multiplication with 1.22 fNLFNYK-FL equivalents per MESF.
c Multiplication with 1.33 to obtain Bmax (only 75% saturation with 10 nM of fNLFNYK-Fl).
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tration of 3 nM.Wealso performed competition bindingwith 10
nM fNLFNYK-Fl and increasing concentrations of fMLF with
SRA 01/04 cells, demonstrating a concentration-dependent
displacement of fNLFNYK-Fl by fMLF (supplemental Fig. S3).

We next investigated the functionality of the FHL 124 cell
formyl peptide receptor in Ca2� flux assays. As shown in Fig. 8,
A and C, 10 �M fMLF and fNLFNYK induced a transient rise of
intracellular Ca2�concentration in both FHL 124 and HEK
293-FPR1� cells. Repeated addition of the agonist fMLF to the
samples revealed that FPR1 and its signal transduction pathway
undergo homologous desensitization. FPR1 signaling was com-
pletely desensitized by 1 �M fMLF. Subsequent addition of a
concentration of 100 nM fMLF was able to induce two Ca2�

signals. However, the second one is considerably reduced com-
pared with the first one (supplemental Fig. S4). When the cells
were treatedwith pertussis toxin, they failed to respond to FPR1
agonists, whereas the ATP-induced Ca2� signal was retained,
albeit with lower intensity (Fig. 8, B andD). The fMLF-induced
Ca2� flux response was concentration-dependent and satura-
ble. The EC50 value for fMLFwas�26 nM (Fig. 8E), which aligns
well with the pKi value of 7.65 (Fig. 7 and Table 2). We found a
similar concentration-dependent effect of fMLF in Ca2� assays
with SRA 01/04 cells (supplemental Fig. S5). None of the
chemokines tested inducedCa2� flux in FHL 124 lens epithelial
cells (Fig. 8F).
In the literature it has been repeatedly described that FPR1

leads to phosphorylation of MAP kinases like ERK 1/2 or p38
(35–37). Therefore, we stimulated serum-starved FHL 124
cells with 10 �M fMLF and determined MAPK phosphoryla-
tion at different time points between 0 and 30 min. In fact,
fMLF stimulated ERK 1/2 and p38 phosphorylation with a

signal maximum after �10 min (Fig. 9). Formyl peptide-
induced ERK 1/2 phosphorylation could be completely
blocked by a 2 h preincubation with the MEK inhibitor
U0126 (Fig. 9A, sixth and seventh lane). Despite serum star-
vation for 24 h before fMLF stimulation, in some of our
experiments FHL 124 cells showed a high basal MAPK activ-
ity, which made it impossible to see the fMLF-induced sig-
nal. The reasons for this are not clear to us, but MAPK activ-
ity may have been influenced by the passage of the cell line,
the density of the culture, or the age of the medium.
FHL-124 Cells Express Full-length FPR1 mRNA—Because

our results from binding and antibody staining experiments
indicate an uncommon behavior of FPR1 in FHL 124 cells, we
sequenced FPR1 from cDNA to identify potential mutations
and splice variants of FPR1 mRNA. Our results (Table 3) show
that the full-length FPR1 open reading frame is expressed in
FHL 124 cells represented by the previously described hap-
lotypes H-11 and H-19, both of which seem to be relatively
rare (38). According to Ref. 38, H-11 was not detected in
samples from Caucasian individuals and in only 11% of the
investigated black population, whereas H-19 was completely
absent in the samples that were completely sequenced in Ref.
38.

DISCUSSION

Wehave demonstrated at the RNA-, protein-, and functional
level that the classic leukocyte chemoattractant receptor FPR1
is expressed endogenously by human lens epithelial cells. This
expands the list of non-hematopoietic cell types reported to
express FPR1 and provides the first detailed biochemical and
functional characterization of such a receptor. Importantly, our

FIGURE 7. fNLFNYK-Fl binding sites are pharmacologically similar on lens epithelial cells, neutrophils, and FPR1-transfected HEK 293 cells. A–C,
competition for binding of fNLFNYK-Fl (3 nM) by increasing concentrations of the FPR1 ligands fMLF (f), fNLFNYK (�), or peptide W (●). MIP-1� (CCL3; MIP,
macrophage inflammatory protein) (�) served as a non-binding negative control. Competition curves were recorded for HEK 293-FPR1� cells (A), FHL 124 lens
epithelial cells (B), and human neutrophils (C). The curves contain the data of two independent experiments with duplicates. In each experiment all four ligands
were tested at all three cell types on the same day under the same conditions.

TABLE 2
Comparison of the pIC50/pKi values of fMLF, fNLFNYK-Fl, and peptide W at the FPR1 in FHL 124 cells, HEK 293-FPR1� cells, and human
neutrophils (PMN)
The data are the mean values � S.E. from two independent experiments with duplicates.

Ligand
FHL 124 HEK 293-FPR1� PMN

pIC50 pKi
a pIC50 pKi

b pIC50 pKi
c

fMLF 6.80 � 0.17 7.65 � 0.17 6.81 � 0.06 7.14 � 0.06 6.67 � 0.06 6.96 � 0.06
fNLFNYK 7.91 � 0.23 8.76 � 0.23 7.82 � 0.08 8.15 � 0.08 7.74 � 0.05 8.03 � 0.05
Peptide W 7.33 � 0.20 8.18 � 0.20 7.55 � 0.05 7.88 � 0.05 7.17 � 0.06 7.46 � 0.06

a Calculated with a KD of 0.5 � 0.2 nM.
b Calculated with a KD of 2.7 � 0.3 nM.
c Calculated with a KD of 3.2 � 0.1 nM.
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work is consistent with a direct role in the lens for FPR1 in lens
homeostasis, as evidenced by aging Fpr1�/� mice, which
develop severe cataracts.4

At first glance the evidence for functional expression of the
receptor in this cell line appears straightforward and consistent.
1) Full-length FPR1 mRNA was amplified and sequenced by
PCR using specific primers and knocked down using specific si-
and shRNAs. 2) FPR1 protein could be detected as strong cell
surface staining by FACS using an FPR1-specific monoclonal
antibody and as immunoreactive bands of the expected size and
sensitivity to the deglycosylating enzyme PNGase F byWestern
blot using a second independent FPR1-specific antibody. 3)The
cells bind known FPR1 ligands. 4) The same ligands tested as
agonists induce classic pertussis toxin-sensitive calcium flux
responses, and fMLF stimulates the MAP kinases ERK 1/2 as
well as p38. Despite these similarities, however, several proper-
ties attributed to the receptor were strikingly different in lens
epithelial cells compared with hematopoietic cells or FPR1-
transfected HEK 293 cells.
First, FHL 124 cell FPR1 appears to be atypical in Western

blots stained with the previously characterized FPR1-specific
mAb NFPR2. We found four related but distinct immunoreac-

FIGURE 8. FPR1 agonists induce Ca2� flux responses in lens epithelial cells in a pertussis toxin-sensitive manner. A–D, the cell types indicated at the top
of each panel were incubated without (A and C) or with PTX (B and D), stimulated with substances listed in the insets, and analyzed by flow cytometry. ATP (100
�M) was used as a positive control. Arrows identify the time when ligand was added. Each trace represents the average of 2–5 calcium flux responses. The effect
of PTX on FPR1 agonist-mediated calcium signaling was confirmed by three additional independent plate reader experiments. E, fMLF potency and efficacy in
FHL 124 cells (plate reader based experiment) is shown. The boxed inset in E shows the corresponding concentration-peak effect relationship generated from
the kinetic curves with the resulting EC50 value. F, chemokines do not induce calcium flux in FHL 124 cells. RFU, relative fluorescence units.

FIGURE 9. Phosphorylation of MAP kinases ERK 1/2 and p38 after stimu-
lation of FHL 124 cells with 10 �M of fMLF. A, phosphorylated ERK 1/2
(upper row) and total ERK 1/2 (lower row) at different times between 0 and 30
min (lanes 1–5) and after 5 min without (lane 6) or with (lane 7) the MEK inhib-
itor U0126 is shown. B, phosphorylated p38 (upper row) and total p38 (lower
row) at different times between 0 and 30 min (lanes 1–5) is shown.
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tive banding patterns of cell membrane proteins in the four cell
types studied: 1) a single strong 60-kDa band in human neutro-
phils, consistent with previous reports; 2) a much weaker
60-kDa band and a second very strong 120-kDa band in FHL-
124 cells; 3) a strong group of bands from 35–60 kDa and a
120-kDa band with varying intensity in HEK293-FPR1� cells;
4) in wt HEK 293 cells, a 120-kDa band of varying intensity and
a very faint 60-kDa staining that, however, was much weaker
than the signals from FHL 124- or HEK293-FPR1� samples.
For two reasons the FHL 124 cell 60-kDa band likely represents
FPR1. First, this is the size of both the only immunoreactive
band identified in neutrophils and a major band found in HEK
293-FPR� cells. Western blots of wild type HEK 293 mem-
branes show only a very weak staining at 60 kDa compared to
the transfected cells and to FHL 124 cells. Second, PNGase F
treatment, which removes N-linked glycosylation from pro-
teins, eliminates the 60-kDa band and produces a 35-kDa
immunoreactive band in both HEK 293-FPR1� and FHL 124
cells (and to a lesser extent inwtHEK293 cells), consistent with
the predicted size of the core unglycosylated FPR1 protein. The
60-kDa band probably represents the receptor species binding
fNLFNYK-Fl, as it is the only form found in neutrophil mem-
branes, and its relative intensity in neutrophils, FHL 124 cells,
and FPR1-transfected HEK293 cells corresponds well to the
relative number of receptors/cell determined by ligand binding
analysis.
The identity of the 120-kDa band is less clear. Two observa-

tions suggest that it could represent an FPR1 dimer or an FPR1
complex with a peripheral membrane protein. First, the band is
double the size of the main monomer detected in all three cell
types and also recognized by the alternative anti-FPR1 anti-
body, NFPR1, which like NFPR2 also recognizes a C-terminal
epitope (25) (data not shown). Second, alkali treatment of cell
membranes, which is known to remove proteins loosely associ-
ated with membrane and to disrupt protein-protein interac-
tions, removed this band completely from FHL 124 cells while
increasing the intensity of the 60 kDaband. Because the analysis
was performed using a reducing gel, receptor dimerizationmay
be the most likely possibility. Alternatively, the 120-kDa band
may simply represent a cross-reacting protein with structural
similarities to the FPR1 C terminus. This is supported by the
fact that this species occurs at very high intensity in somemem-
brane batches fromnon-transfectedHEK293 cells, showing the
same properties as in FHL-124 cells (alkali sensitivity and stain-
ing with both NFPR1 and NFPR2; data not shown). Moreover,
the 120-kDa band was not present in neutrophils, which are

known to express high levels of FPR1, and it was not affected by
PNGase F treatment either in FHL 124 cells or in wt HEK 293
cells. Unfortunately, the PE-labeled FACS antibody did not
produce any staining inWestern blots, not even at a dilution of
only 1:250 (data not shown).
The second atypical property of the FHL 124 cell FPR1 is the

extremely low level of specific binding relative to total binding
attributable to the FPR1 ligand fNLFNYK-Fl. This is inconsis-
tent with FACS antibody staining, which produced a similarly
strong signal in FHL 124 cells, neutrophils, and HEK 293-
FPR1� cells. In fact, from fNLFNYK-Fl binding alone, wewould
have concluded that the receptor was not expressed by these
cells. The low level of specific binding is consistent with the low
level of immunoreactive 60-kDa FPR1 monomer detectable by
Western blot. At this time we have not identified the factor
responsible for this greatly limited specific binding of this
ligand and for the divergent results from ligand binding and
FACS antibody staining. We speculate that two FPR1 receptor
populationsmay exist, a large one stained by the FACS antibody
but inaccessible to ligand binding, and a small one, binding both
the fluorescent ligand and the PE-labeled FACS antibody. The
observation that fNLFNYK-Fl binding seemed to be more sen-
sitive to shRNA (�40% reduction) than antibody staining
(�20% reduction) may also point to the existence of two recep-
tor populations on FHL 124 cells.
On the other hand, our observations could at least partially

be explained by an FPR1 population on HEK 293-FPR1� cells
that is stained by the fluorescent ligand but not by the FACS
antibody. Maybe the conformation of some of the FPR1 recep-
tors is altered inHEK 293-FPR1� cells, where the receptor pro-
tein is produced at an unphysiologically high level.
The third atypical property of FPR1 on FHL 124 cells is its

high resistance to fMLF-induced internalization (detected with
the PE-labeled FPR1 antibody). By contrast, FPR1 on neutro-
phils and in transfected HEK 293 cells was almost completely
internalized. A very stable integration of the receptor in the cell
membrane and a slow trafficking behaviormay also explainwhy
the short acting siRNA could not reduce FPR1 protein in FHL
124 cells despite a strong effect on mRNA.
An interesting question is how the properties of FPR1 in FHL

124 cells may be caused by the haplotypes (H-11/H-19)
detected in our sequencing experiment (Table 3). It has been
reported for FPR1 mutants expressed in Sf9 cell membranes
that the V101L and the E346A mutation, which also occur in
the H-19 and H-11 haplotype, respectively, reduce G protein
coupling and decrease constitutive activity (39). The high affin-

TABLE 3
Determination of the FPR1 sequence expressed in FHL 124 cells and comparison with the FPR1 haplotypes previously described in the
literature (38)

Codon numbera 11 101 116 182 190 192 346

Codons with corresponding amino acidsb ACC (T) GTC (V) ATC (I) CCC (P) AGG (R) AAG (K) GCG (A)
ATC (I) CTC (L) ATT (I) CCA (P) TGG (W) AAC (N) GAG (E)

AAT (N)
Genotype in FHL 124 cells C, C C, G C, C C, A A, A T, T A, C
H-11 haplotype C G C A A T C
H-19 haplotype C C n.d.c n.d.c A C/T A

a Underlined codon numbers indicate positions with amino acid differences between the haplotypes.
b Bases that vary between the haplotypes are indicated by double underlines.
c n.d., not determined.
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ity of fNLFNYK-Fl to the FHL 124 cell FPR1 and the ability to
induce Ca2� signaling, however, do not point to a G protein
coupling defect of FPR1 in FHL 124 cells.Moreover, E346Awas
shown to increase the tendency of FPR1 to form oligomers (39).
However, apart from the still unidentified 120-kDa band, which
may be an FPR1 dimer, the main FPR1 band in Western blots
with FHL 124 cell membranes was the 60-kDa monomer (Fig.
2B).
Despite the low Bmax value, high affinity direct binding (sub-

nanomolar KD) by fNLFNYK-Fl and potent competition for
fNLFNYK-Fl binding by a series of FPR1 ligands, but not by the
irrelevant leukocyte chemoattractantMIP 1� (CCL3), confirms
the expected pharmacologic profile for FPR1. In all three cell
types unlabeled fNLFNYK had the highest affinity followed by
peptide W and fMLF. The fMLF Ki value for FHL 124 cells is
about 22 nM (pKi � 7.65, Table 2), which agrees well with 69 nM
reported for fMLF displacing fNLFNYK-Fl from FPR1-trans-
fected CHO cells (40). The high affinity of unlabeled fNLFNYK
to FHL124 cells (Ki� 2 nM, pKi� 8.76) correspondswell to aKi
of 3 nM previously reported for human neutrophils (41).
Surprisingly, the fNLFNYK-Fl saturation binding to FHL 124

cells is monophasic only at low concentrations (0–20 nM) but
suddenly increases at concentrations �20 nM. We can exclude
the presence of the “classic” low affinity FPR, FPR2/ALX
because it was not detectable on FHL 124 cells by a specific
antibody (data not shown), and the FPR2/ALX agonistMMK-1
did not induce a calcium response. Maybe it is a second FPR1
receptor population with low affinity or simply a consequence
of partial ligand degradation, which also can cause non-satura-
ble specific binding (27). Due to the low signal intensity, this
effect may be more strongly visible with FHL 124 cells com-
pared with neutrophils or HEK 293-FPR1� cells, where the sig-
nal-to-noise ratio is higher.
The initial part of the FHL 124 cell saturation curve revealed

a KD value of 0.5 � 0.2 nM, which agrees well with the
fNLFNYK-Fl KD value of 0.6 � 0.2 nM reported for human
neutrophils (42) and with KD values reported for two non-he-
matopoietic FPR1-expressing (fibroblast) cell lines (0.22
and 0.67 nM) (8). However, we cannot explain why the
fNLFNYK-FL KD value at the neutrophil FPR1 (3.2 � 0.1 nM) is
5–10-fold higher in our hands than reported in the literature.
Because we used a different isolation procedure, which may
activate the neutrophils to a higher degree, neutrophil FPR1
may be uncoupled from G protein, resulting in a reduced ago-
nist affinity. The KD value we determined for FPR1 on HEK
293-FPR1� cells (2.7 � 0.3 nM) is in good agreement with the
reported KD value of 6 nM for CHO-FPR1 cells, which also was
attributed to the presence of uncoupled FPR1 (40).
Interestingly, despite the lownumber of formyl peptide bind-

ing sites on FHL 124 cells, FPR1 agonists induced strong PTX-
sensitive Ca2� mobilization responses. This suggests that FPR1
on human lens epithelial cells efficiently stimulates G�i/o. It is
known from neutrophils that activation of as few as 50 recep-
tors per cell can induce actin polymerization. Such a low recep-
tor expression level has also been reported for fNLFNYK-Fl
saturation bindingwith twonon-hematopoietic (fibroblast) cell
lines (600–1600/cell) (8). Maybe, a low receptor density with
highly efficient G protein coupling is a common feature of

“extra-hematopoietic” FPR1. The extremely efficient G protein
coupling of the FHL124 cell FPR1was also demonstrated by the
fact that in our shRNA experiments a 20–40% reduction in
protein expression was reflected by a similar reduction of Ca2�

signaling. This suggests that virtually all receptor proteins con-
tribute to fMLF-induced signaling and that the uncoupled
“receptor reserve” is negligible.
In the past several years some evidence for non-hematopoi-

etic FPR1 expression has accumulated, including ileum, hepa-
tocytes, and thyroid follicular cells (7). Moreover, FPR1 is func-
tionally expressed by fibroblasts and may support migration of
these cells to sites of tissue injury (8). Functional expression of
FPR1 has also been shown for human bone marrowmesenchy-
mal stem cells, suggesting a potential role for migration and
engraftment of such cells into injured tissues (9, 10) or for
osteoblast differentiation (11). Moreover, FPR1 has been
described to be involved in the regulation of acute-phase pro-
tein production by A549 lung cells (12) and human HepG2
hepatoma cells (13). Furthermore, FPR1 has been detected in
several kinds of epithelial cells, e.g. Beas2B lung epithelial cells
(14), SK-CO15 intestinal epithelial cells (15, 16), MKN-28 and
AGS gastric epithelial cells (17), and human retinal pigment
epithelial cells (18). Several papers (14, 16, 18) report that FPR1
agonists induced an FPR1 antagonist-sensitive acceleration of
wound healing in an in vitromodel using a scratch-injured cell
monolayer.Mostly, FPR1was investigated either in cancer cells
or in non-cancerous tissues under in vitro conditions. Only in
Ref. 11, were in vivo experiments performed with zebrafish and
rabbits, suggesting a role of FPR1 in bone formation. The sig-
nificance of our study is that to our knowledge it provides the
first example of a non-hematopoietic setting for FPR1 expres-
sion linked directly to a biological phenotype in vivo, namely
severe degeneration of lens structure in aging Fpr1�/� mice.4

Our characterization of the human FPR1 in human lens epithe-
lial cells suggests that this property of Fpr1may also be relevant
to humans. How FPR1 functions to maintain the lens is not yet
known. The lens continuously grows throughout life (43). Lens
epithelial cells proliferate in the equatorial zones and elongate
toward the anterior and posterior side of the lens, differentiat-
ing into lens fiber cells that form an onion-shaped structure.
FPR1 could serve as a chemoattractant receptor guiding the
elongation of lens epithelial cells in response to endogenous
FPR1 ligands, such as mitochondrial peptides that have previ-
ously been reported to stimulate FPR1 (44). These peptides
could be released from lens epithelial cells as they lose their
organelles during differentiation to lens fiber cells. This func-
tion of FHL 124 cell FPR1 is supported by the observed fMLF-
mediated activation of ERK 1/2 and p38 in FHL 124 cells. These
MAP kinases were recently reported to be important for the
regulation of neutrophil chemotaxis (36). It is intriguing to
hypothesize that they may also regulate the directed growth of
lens epithelial cells, albeit on a much longer time scale.
In conclusion, we have demonstrated that FPR1 is function-

ally expressed on human lens epithelial cells. The biological
significance of FPR1 expression on these cells is suggested by
the phenotype of severe cataracts in aging Fpr1�/� mice.4 Thus
FPR1 appears to have an important biological role in innate
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immunity through its expression on phagocytic leukocytes and
in development through expression directly in the lens.
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