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The retinal pigment epithelium is a primary site of pathology
in age-related macular degeneration. Oxidative stress and
senescence are both thought to be important mediators of mac-
ular degenerationpathogenesis.Wedemonstratehere that bone
morphogenetic protein-4 is highly expressed in the retinal pig-
ment epithelium and adjacent extracellular matrix of patients
with dry age-related macular degeneration. In vitro studies
revealed that sublethal oxidative stress increased bone mor-
phogenetic protein-4 expression in retinal pigment epithelial
cells, and both bone morphogenetic protein-4 and persistent
mild oxidative stress can induce retinal pigment epithelial
cell senescence through p53- p21Cip1/WAF1-Rb pathway. We
further demonstrate that bone morphogenetic protein-4 acts
as a mediator in oxidative stress-induced senescence and that
thismediator function is via Smad and the p38 signaling path-
way to increase and activate p53 and p21Cip1/WAF1 and
decrease phospho-Rb. Oxidative stress-induced senescence
can be blocked by Chordin-like, an antagonist of bone mor-
phogenetic protein-4, or SB203580, a phospho-p38 inhibitor.
Our results suggest that oxidative stress and bone morphoge-
netic protein-4 may interact to promote retinal pigment epi-
thelial cell senescence and that bone morphogenetic pro-
tein-4 may represent a novel therapeutic target to inhibit the
progressive effects of oxidative stress and senescence in dry
age-related macular degeneration.

Age-related macular degeneration (AMD)2 is the leading
cause of irreversible blindness in the developed world. An
extensive literature of basic and clinical studies implicates the
retinal pigment epithelium (RPE) as a primary site of pathology
in both early and late forms of the disease (1–4). RPE cells
normally form a quiescentmonolayer between the photorecep-
tors and the vascular choroid that is essential for the retinoid
cycle, nutritional support of photoreceptors, and the outer

blood retina barrier. In early “dry” AMD, although vision is not
usually affected, the RPE accumulates lipofuscin and partic-
ipates in the formation of extracellular drusen deposits in the
macular region of the retina. The greater the number and
size of macular drusen, the greater the risk of progression to
the two late blinding forms of AMD. Geographic atrophy
(GA), or advanced dry AMD, is characterized by degenera-
tion and loss of RPE and associated photoreceptors (5–8). In
contrast, advanced “wet” AMD is associated with activation
of RPE, expression of angiogenic growth factors, and the
growth of new vessels from the choroid through Bruchmem-
brane to a site adjacent to the RPE layer (9). Thus, in both
early and late stages of AMD, the pathologic changes target
the RPE.
The association of both early and advanced dry AMD with

lipofuscin and the progressive loss of RPE in GA has strongly
implicated oxidative stress as an important mediator of RPE
damage (10–12). The retina provides a permissive environ-
ment for generation of reactive oxygen species and oxidative
damage. Indeed, retinal tissue samples from patients with GA
show widespread evidence of oxidative damage (13), and sev-
eral animal models of oxidative retinal injury demonstrate
pathologic features of AMD (14, 15).
One of the critical effects of oxidative stress is the induction

of cellular senescence (16–18). First identified as a state of irre-
versible growth arrest after serial cultivation of cells in vitro,
premature senescence has been implicated as a potentially
important pathophysiologic mediator of RPE atrophy and loss
in GA (4). Markers of senescence, such as telomere shortening
and altered gene expression have been identified in RPE cells
exposed to advanced glycation end products (AGE), which are
found in association with Bruch membrane in AMD (19).
Recently, in vitro studies of the human RPE cell line, ARPE-19,
revealed that exposure to oxidants resulted in four well known
senescence markers, including hypertrophy, senescence-asso-
ciated �-galactosidase (SA-�-galactosidase) activity, growth
arrest and cell cycle arrest in G1 (20, 21). Consistent with these
findings, accumulation of SA-�-galactosidase-positive senes-
cent RPE cells has been identified in older monkey eyes (22).
Dysregulated growth factor expression in RPE has been

implicated as an important mechanism of disease in AMD.
Increased expression of vascular endothelial growth factor by
RPE was identified in advanced wet AMD lesions over 10 years
ago and has become a target for effective therapy of this form of
the disease (23). In contrast, little is known about the growth
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factor microenvironment mediating pathologic changes in
early and advanced forms of dry AMD.
BMP4 (bone morphogenetic protein-4), a member of the

transforming growth factor-� superfamily, plays an important
role in the morphogenesis of the eye and, in particular, the
specification of the RPE (24, 25). It is also an important regula-
tor of cell differentiation and apoptosis in many cell types. In
the adult murine retina, BMP4 has been shown to be preferen-
tially expressed in RPE, and in vitro, BMP4 has been shown to
be a negative regulator of RPE proliferation. Recent studies in
adenocarcinoma, glioblastoma, and myeloma cancer cells have
demonstrated that BMP4 can mediate premature cellular
senescence in vitro. BMP4 regulates downstream gene expres-
sion by signaling through a classic pathway involving phospho-
rylation of Smad1, -5, and -8 (26, 27) or via a nonclassic TAK1-
p38 pathway (28–30). Recent studies suggest that induction of
cancer cell senescence by BMP4 may be mediated through
simultaneous activation of both pathways (i.e. via Smad path-
way to transcriptionally increase p21Cip1/WAF1 expression that
further dephosphorylates Rb and via p38 to phosphorylate and
stabilize p53) (31–33).
In this study, we evaluated the expression of BMP4 in early

and late dry AMD and investigated the interplay between
BMP4 signaling, oxidative stress, and the induction of RPE
senescence.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Donor eyes were obtained from the
Lions Eye Bank of Oregon and included 12 normal adult eyes
withoutmacular drusen (aged 25–90 years), 10 eyeswith patho-
logic features of early AMD characterized by macular drusen
and thickening of Bruch membrane with basal deposits, and
three eyes with late AMD characterized by geographic atrophy.
The study was approved by the Institutional Review Board of
the University of Southern California (Los Angeles, CA) and
conducted in compliance with the principles set out in theDec-
laration of Helsinki for research involving human subjects. Tis-
sue blocks including RPE and choroid were dissected from the
macular region, embedded in optimal cutting temperature
compound (Miles Inc., Elkhart, IN), snap-frozen, and stored at
�70 °C. Cryostat tissue sections at 8 �M were incubated with
primary goat anti-BMP4 polyclonal antibody (Abcam, Cam-
bridge, MA), biotinylated secondary anti-goat antibody
(Vector Laboratories, Burlingame, CA), and streptavidin
conjugated with peroxidase (Vector Laboratories) consecu-
tively. The slides were counterstained with hematoxylin and
mounted with glycerin-gelatin medium. Negative controls
included stains in which the primary antibody was omitted,
stains in which the primary antibody was preadsorbed with
recombinant human BMP4, and use of irrelevant primary
antibodies to ensure specificity.
Frozen and dissected macular tissues from the same samples

of control eyes and eyes with early AMD were also utilized for
Western blot to semiquantitatively probe BMP4 protein (see
below for Western blot).
Cell Lines, Cultures, and Treatments—ARPE-19 cells

(ATCC) represent a human RPE cell line that is widely used as a
reproducible model of RPE cell biology and function (34).

ARPE-19 cells were routinely grown in ARPE medium (F-12/
Dulbecco’smodified Eagle’smedium, 1:1) containing 2mM glu-
tamine, 30 �g/ml penicillin, 50 �g/ml streptomycin (Sigma),
and 10% fetal bovine serum (Irvine Scientific, Santa Ana, CA)
and were passaged or subcultured every 3–4 days (34). The cell
treatments were performed on chamber slides, 6-well plates or
96-well plates (BD Falcon), and usually initiated 24 h after cell
plating or subculture.
In select experiments, early passage primary human RPE

were used to confirm experimental results. Primary RPE cells
were isolated from fetal human eyes of 18–22 weeks gestation
(Advanced Bioscience Resources, Inc., Alameda, CA). Cells
were cultured in Dulbecco’s modified Eagle’s medium (Sigma)
with 2 mM L-glutamine, 100 units/ml penicillin, 100 �g/ml
streptomycin (Sigma), and 10% heat-inactivated fetal bovine
serum (Irvine Scientific). The culture method used, a standard
practice in our laboratory for more than 10 years, regularly
yields �95% cytokeratin-positive RPE cells. Cells used were
from passages 2–4.
Oxidative Stressor Treatment—Ninety-five percent conflu-

ent ARPE-19 cells were treatedwith different concentrations of
tert-butylhydroperoxide (tBH; Sigma) at 0, 10, 20, 30, 40, and 50
�M or hydrogen peroxide (H2O2; Sigma) at 0, 50, 100, 150, 200,
and 250 �M diluted in ARPE medium with 10% fetal bovine
serum for 2 h, allowed to recover in stressor-freeARPEmedium
with 10% fetal bovine serum for 22 h. The procedure was
repeated to generate the next treatment cycle, and a complete
experiment was composed of either five sequential tBH treat-
ments or two sequential H2O2 treatments.
BMP4Treatment—ARPE-19 cells were treatedwith 0, 10, 25,

or 50 �g/ml recombinant BMP4 protein (R&D Systems, Min-
neapolis, MN) for 1 or 24 h in ARPE medium supplemented
with 1% fetal bovine serum.
Blocking or Inhibiting Treatment—ARPE-19 cells were

treated with 0.1 �g/ml recombinant Chordin-like 1 protein
(R&D Systems) or treated with 10 �M SB203580 (EMD, Gibbs-
town, NJ) during and after stressor treatments in ARPE
medium with 10% fetal bovine serum.
Creating the ARPE-BMP4 Transgene Cell Line—Human

BMP4 cDNA coupled with a 10 amino acid c-myc tag was sub-
cloned into pLenti6/V5-TOPO vector (Invitrogen). The
pLenti6/V5-TOPO-BMP4 vector with other helper vectors
were co-transfected into 293FT cells (Invitrogen) to assem-
ble the lentivirus. The lentiviruses were titrated according to
the manufacturer’s instructions. BMP4-overexpressing
ARPE-19 stable cell lines (ARPE-BMP4) were established by
transducing BMP4-expressing lentivirus into ARPE-19 cells
and selected with 10 ng/ml blasticidin (Invitrogen). Single
cell colonies were picked up and expanded according to the
needs of the experiments.
Cell Cycle Analysis—Control and treatedARPE-19 cells were

harvested, fixed in 10 ml of ice-cold 70% ethanol for 24 h, and
washed twice in ice-cold phosphate-buffered saline (pH 7.4).
Each sample of 2 � 106 cells was pelleted and resuspended in
0.5 ml of phosphate-buffered saline containing 0.1% Triton
X-100, 50 �g/ml propidium iodide, and 200 �g/ml DNase-free
RNase A (Sigma), incubated at 37 °C for 15 min, and analyzed
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using a EPICS XL-MCL flow cytometer (Beckman Coulter,
Irvine, CA).
BrdU Incorporation Assay—ARPE-19 cells were seeded on

chamber slides or 96-well plates and treated with stressors as
described above. TheARPE-19 cells were then culturedwith 10
�MBrdU (Invitrogen) for 20 h and fixed in ice-cold acid alcohol
fixative (70% ethanol and 30% glacial acetic acid, pH 2.0) for 30
min. The BrdU incorporation rates of stressed and control cells
were assayed with the BrdU Incorporation Assay Kit (Invitro-
gen) by in situ BrdU immunostaining, or by cell proliferation
ELISA according to the manufacturer’s instructions.
SA-�-galactosidase Staining Assay—The stressed and con-

trol cells were fixed with 2% paraformaldehyde in phosphate-
buffered saline, pH7.4, for 30min at 4 °C and incubated at 37 °C
overnight in staining solution (40 mM sodium citrate, pH
6.0, 1% 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
(X-gal), 5 mM potassium ferrocyanide, 5 mM ferricyanide, 150
mM sodium chloride, and 2 mM magnesium chloride) (35, 36).
Senescent cells were identified by the resulting blue reaction
product and were counted using phase-contrast microscopy.
Real Time RT-PCR—Total RNAwas extracted from stressed

or control ARPE-19 cells using TRIzol reagent (Invitrogen).
First strand cDNAwas synthesized from1�g of total RNAwith
an RT-PCR kit (Invitrogen). Real time PCR was performed
using SYBR Green Master Mix and the LightCycler 480 PCR
System (Roche Applied Science). Treatments with each stres-
sor with or without inhibitors were repeated three times in
independent experiments, and cDNA samples from the above
treatments were run in duplicate for PCR amplification. The
expression levels of target genes with different treatments were
comparedwith the “housekeeping gene”GAPDHandwith cor-
responding control genes.

��Ct � �Cttarget � Cttarget GAPDH�/�Ctcontrol � Ctcontrol GAPDH�

(Eq. 1)

The sequences of primer pairs for amplifying the BMP4 and
Apo J genes are listed below. The primer pairs for the BMP4
gene were as follows: forward, 5�-TCC ACA GCA CTG GTC
TTGAG-3�; reverse, 5�-GGGATGTTCTCCAGATGTTCT
T-3�. The primer pairs for Apo J were as follows: forward,
5�-AGA GTG TAA GCC CTG CCT GA-3�; reverse, 5�-CAT
CCA GAA GTA GAA GGG CG-3�. The primers for the
GAPDH gene were as follows: forward, 5�-CGA CCA CTT
TGTCAAGCTCA-3�; reverse, 5�-GGTGGTCCAGGGGTC
TTA CT-3�.
ELISA—The culture mediums from the stressed or non-

stressedARPE-19 cells were collected and concentrated 50� by
centrifuging at 3000 � g for 15 min at 4 °C through Amicon
Ultra-15 centrifugal filter devices (Millipore). The concentra-
tions of proteins in collected media were then determined by
the Bio-Rad Protein Assay Kit for Microtiter Plates to ensure
equal loading of total sample proteins in ELISA assays. BMP4
secretion levels were measured using the human BMP4-ELISA
kit (RayBiotech, Inc., Norcross, GA) according to the manufac-
turer’s instructions.
Western Blot Analysis—The stressed and control ARPE-19

cells were homogenized in radioimmune precipitation buffer

(50mMTris-HCl, pH 8.0, 150mMNaCl, 1%Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% SDS) with 1� protease inhibi-
tor mixture (Sigma). Equal amounts of total protein from each
sample (20 �g/well) underwent electrophoresis on polyacryl-
amide gels and were electrically transferred to a polyvinylidene
difluoride membrane (Millipore Corp., Jeffery, NH). The pro-
tein-bearing polyvinylidene difluoride membranes were
blocked with nonfat milk (Bio-Rad), incubated with goat anti-
BMP4polyclonal antibody (Abcam), anti-p53monoclonal anti-
body (Abcam), anti-p21 monoclonal antibody (Cell Signaling
Technology, Boston, MA), anti-phospho-Rb monoclonal anti-
body (Cell Signaling Technology), rabbit anti-p38 polyclonal
antibody, and rabbit anti-phospho-p38 polyclonal antibody
(Cell Signaling Technology) or anti-GAPDH monoclonal anti-
body (Millipore). Membranes were further incubated with
horseradish peroxidase-conjugated secondary antibody (Vec-
tor Laboratories, Burlingame, CA). An ECL detection system
(GE Healthcare) was used to detect the protein-antibody com-
plex on themembranes. Band intensity and areaweremeasured
using Scion software (National Institutes of Health) and nor-
malized to GAPDH.
Statistical Analysis—Statistical comparisons were per-

formed using analysis of variance with Tukey’s or Dunnett’s
tests for multiple comparisons. All of the tests were two-sided,
and the accepted level of significance was p � 0.05. The statis-
tical software package SAS (Version 9.1, SAS Institute, Cary,
NC) was used for all statistical calculations.

RESULTS

BMP4 Is Prominently Expressed in the RPEandBruch’sMem-
brane of AMD Patients—The extent and pattern of expression
of BMP4 in the RPE and choroid of macular tissues from con-
trol eyes or those from patients with AMD were assessed by
immunohistochemistry. All 12 control samples from patients
without evidence of AMD lacked immunohistochemical
expression of BMP4 (Fig. 1A). The presence of melanin pig-
ment in the control RPE has the potential to obscure low levels
of immunoreactivity that cannot be entirely ruled out. In con-
trast, the RPE and choroidal tissues from 8 of 10 tissue samples
from patients with early AMD showed localization of BMP4
protein in the RPE (Fig. 1B) and in the vicinity of Bruch mem-
brane adjacent to hard (Fig. 1C) and soft drusen (Fig. 1D). AMD
tissue sections stained with BMP4 antibody preadsorbed with
rBMP4 lacked immunoreactivity (Fig. 1C, inset). In all three
samples with geographic atrophy, BMP4 expression and local-
ization was prominent in the RPE and thickened Bruch’s mem-
brane adjacent to areas of RPE loss and adjacent to the choroi-
dal vasculature (Fig. 1E). Western blot of protein extracts
from RPE and choroid in the macular region confirmed the
presence of very low levels of BMP4 in control samples and
increased levels of BMP4 expression in two patients with
early AMD (Fig. 1F).
Creating BMP4-overexpressing RPE Stable Cell Lines—In

order to simulate the increased level of BMP4 expression in
RPE in AMDpatients and to facilitate the investigation of puta-
tive roles of BMP4 in AMD pathogenesis, we created several
stable ARPE-19 cell lines that overexpressed BMP4 protein. A
BMP4-expressing lentivirus was first engineered and trans-
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duced into ARPE-19 cells. After selection, we tested for BMP4
expression at the transcriptional and translational levels of pos-
itive cell clones (ARPE-BMP4). The BMP4 expression levels in
different ARPE-BMP4 cell clones were increased from 1.5- to
9-fold compared with control ARPE-19 cells measured by real
time RT-PCR (data not shown). We selected the BMP4-
ARPE-4 cell line that expressed the highest level of BMP4
(9-fold increase) for further experiments. Evaluation of the
culture medium of ARPE-BMP4-4 cell line by Western blot
result revealed abundant secretion of BMP4 into the
medium (Fig. 2A).
Induction of RPECell Senescence by BMP4—The cell viability

assay showed that the growth of ARPE-BMP4 cells was similar
to that of control ARPE-19 cells when cultured inmediumwith
10% serum (p	 0.74; data not shown).However, when cultured
in ARPE medium with 1% serum for 7 days, BMP4-overex-
pressing cells not only exhibited decreased cell viability but also
showed a lower rate of BrdU incorporation when compared

with their parent cell line ARPE-19
under the same culture conditions
(Fig. 3, D and F). Furthermore, the
vast majority of ARPE-BMP4 cells
became SA-�-galactosidase-posi-
tive (86%), whereas less than 20% of
control cells were SA-�-galactosid-
ase-positive (p � 0.0001) (Fig. 2,
B–D). This result suggests that
increased endogenous BMP4
expression could lead to the acceler-
ated RPE cell senescence.
Oxidative Stress-arrested RPE

Cells at G0/G1 Phase Induced RPE
Cell Senescence and Increased
BMP4 Expression—In AMD, chro-
nic low levels of oxidative stress
are thought to play an important
role in disease pathogenesis. To
simulate this in vivo situation, we
conducted cell stress experiments
with low, sublethal doses of chemi-
cal oxidants (H2O2 and tBH), using
a short duration of exposure to the
oxidant at each stress (2 h/stress)
and withmultiple or repeated expo-
sure steps (2–5 repeats of stressor
exposures) under 10% serum condi-
tion. Since oxidative stress has
cumulative and delayed effects on
RPE cells, all treated cells were
allowed to stay in 0.1% serum ARPE
medium for 72 h after stresses
before proceeding to further ana-
lytic assays.
In preliminary experiments, oxi-

dants were tested at a wide range of
concentrations to find optimal sub-
lethal doses. H2O2was tested from0
to 1000 �M, whereas tBHwas tested

from 0 to 250 �M. Concentrations of 1000 �M H2O2 or 200 �M
and above tBH led to significant RPE cell death at first stress.
RPE cell lethality was increased at concentrations of 500 �M
H2O2 and from100 to 150�M tBHafter two stresses (results not
shown). We found that only small numbers (�5%) of cells
underwent cell death at the concentrations under 250 �M after
two stresses for H2O2 and under 50 �M after five stresses for
tBH by a terminal deoxynucleotidyltransferase-mediated
dUTP nick end labeling assay (data not shown). However, in
contrast, even very low levels of oxidant stress led to marked
inhibition of cell proliferation, as measured by BrdU incorpo-
ration. As shown in Fig. 3, significant inhibition of cell prolifer-
ation was found when cells were incubated with as little as 50
�M H2O2 (p � 0.001) or 10 �M tBH (p � 0.001), and higher
oxidant concentrations did not result in any further inhibition.
We also performed propidium iodide staining and fluores-
cence-activated cell sorting analysis on oxidatively stressed
cells to clarify the effects of the treatment on cell cycle. The

FIGURE 1. Expression of BMP4 in macular tissues of control and AMD patients. Tissue samples, including
RPE and choroid, were dissected from the macular region of control patients (n 	 12), patients with early AMD
(n 	 10), and patients with geographic atrophy (n 	 3). Frozen sections were stained immunohistochemically
using anti-BMP4 antibody, and localization of BMP4 was identified by the red chromogen AEC. In controls (A),
BMP4 immunoreactivity was not found. In early AMD samples (B–D), BMP4 was localized to the cytoplasm of
some retinal pigment epithelium (RPE) (B, arrow), in thickened Bruch membrane adjacent to hard druse (C, ar-
rows), and in RPE and Bruch membrane (arrows) adjacent to a large soft druse (D, **). Adjacent to areas of RPE
loss in geographic atrophy (E), there was prominent immunoreactivity in RPE, in Bruch membrane (BM), and
around choroidal vessels (arrows). Parallel sections stained using antibody preadsorbed with rBMP4 showed
no immunoreactivity (C, inset). Immunoperoxidase stain with hematoxylin counterstain is shown. Bar, 50 �m
(A, B, and D), 25 �m (C), and 100 �m (E). Western blot (F) of dissected macular tissues from control patients and
two patients with early AMD (AMD-1 and AMD-2) revealed increased expression of BMP4 protein in AMD
maculas; GAPDH revealed equal loading of the samples.
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results showed that treatment with oxidants increased the per-
centage of cells in G0/G1 phase from 58% (unstressed cells) to
86% (H2O2-stressed cells) (p � 0.01) and 73% (tBH-stressed
cells) (p� 0.01) and decreased the percentage of cells in S phase
from 16% (unstressed cells) to 0.6% (H2O2-stressed cells) (p �
0.01) and 4.4% (tBH-stressed cells) (p � 0.05), suggesting that
sublethal oxidant stress leads to G0/G1 arrest (Fig. 4).

Based on these results, H2O2 at 150 �M and tBH at 30 �M
were chosen as the optimal oxidative stress doses to treat RPE
cells for SA-�-galactosidase staining and other experiments.
After treatment with tBH or H2O2, the percentage of SA-�-
galactosidase-positive cells increased to 67% (p � 0.001) and
46% (p � 0.001), respectively, when compared with control
ARPE cells, which demonstrated less than 5% SA-�-galactosid-
ase positivity (Fig. 5, A, D, G, and J).

With the finding that both BMP4 and chemical oxidants can
induce RPE cell senescence, we hypothesized that there may be
some mechanistic connections between oxidative stress and
BMP4 expression. Thus, quantitative RT-PCR and ELISA were
used to examine the expression and secretion of BMP4 in the
chemical oxidant-treated ARPE-19 cells. The data showed that
BMP4 transcription increased about 2.75-fold following 30 �M
tBH treatment (p � 0.05) and increased about 2.5-fold follow-
ing 150�MH2O2 treatment (p� 0.05) (Fig. 6A); consistentwith
these findings, BMP4 secretion in oxidant-treated ARPE cells

also increased severalfold in a dose-dependent manner (p �
0.05) (Fig. 6B). There was no significant difference in BMP4
expression and secretion between these two oxidant treatments
(p 	 0.7).
Increased Expression of Cell Cycle Checkpoint and Senescence

Marker Genes in Senescent RPE Cells—To characterize the
senescence pathway induced by BMP4 and oxidative stress, we
evaluated the expression of cell cycle checkpoint proteins.
ARPE-19 cells were treated with different concentrations of
recombinant BMP4 (0, 10, 25, and 50 ng/ml) for 24 h in
culture medium with 1% serum and treated with different
concentrations of oxidative stressors as described above.
The Western blot results showed that treatment with oxida-
tive stressors (H2O2 or tBH) resulted in increased protein
levels of p21Cip/WAF1 and p53 and decreased protein levels of
phosphorylated Rb when compared with those of unstressed
ARPE-19 cells as a dose response trend (Fig. 7, A and B). Simi-
larly, the BMP4-treated ARPE-19 cells also displayed the
increased protein levels of p21Cip/WAF1 and p53 and decreased
protein level of phospho-Rb (Fig. 7C). When parallel experi-
ments were performed on early passage, human fetal RPE cell
lines, the stressed or BMP4-treated fetal RPE revealed a similar
alteration of cell checkpoint proteins as those found with
ARPE19 cells (data not shown). All of these results indicated
that both BMP4 and exposure to sublethal levels of oxidants
alter the expression levels of cell cycle checkpoint proteins in
the human RPE cell line or primary RPE cells.
Consistentwith these findings, evaluation of cell cycle check-

points in BMP4-overexpressing ARPE-BMP4 cells revealed the
same pattern of alteration in expression of p21Cip/WAF1, p53,
and phosphorylated Rb (Fig. 7D). Interestingly, time course (0,
1, 2, 24, and 48 h) analysis of BMP4 treatment (10 ng/ml)
revealed that the increasing p21Cip/WAF1 protein was observed
at 24 h of treatment, whereas p53 was increased at 1 h of treat-
ment (data not shown).
Furthermore, the mRNA expression of the senescence

marker gene, Apo J, was significantly increased in senescent
RPE cells; mRNA levels were induced about 6-fold by tBH (p �
0.0001) and about 4-fold by H2O2 (p � 0.0001) compared with
the expression level of unstressed cells (see Fig. 9B).
Increased Expression of Phosphorylated Smad1, -5, and -8

and p38 Protein with BMP4 and Oxidant Treatments—BMP4
signaling is mediated through the classic Smad signaling path-
way as well as the nonclassic p38 pathway. Accordingly, exper-
iments were carried out to determine which of these pathways
is involved in the induction of RPE cell senescence by BMP4
and oxidants. ARPE-19 cells were treated with BMP4 (0 and 10
ng/ml) for 1 h, and oxidant stressors (30 �M tBH, five repeats;
150 �M H2O2, two repeats) were acquired as described. The
Western blots revealed that in RPE cells, both phospho-Smad1,
-5, and -8 and phospho-p38 were markedly increased by BMP4
and oxidant treatments (Fig. 8). These results indicated that
BMP4 and oxidant treatments may be inducing cell cycle
checkpoint protein and senescence marker gene expression via
both classic and nonclassic BMP4 signal pathways.
Inhibition of Cell Cycle Checkpoint Proteins and Senescence

Marker Genes by Chordin-like 1 or Phospho-p38 Inhibitor—
Our data indicated that RPE cell senescence induced by oxidants

FIGURE 2. Induction of senescence in BMP4-overexpressing cells. Secre-
tion of BMP4 by a BMP4-overexpressing cell clone (ARPE-BMP4-4) into cell
supernatants was measured by Western blot. A, ARPE-BMP4-4 cells secreted
large amounts of BMP4 protein into cell culture medium compared with its
parental cell line, ARPE-19. Culture medium spiked with rBMP4 represented the
positive control. (ARPE-BMP4-4-derived BMP4 contains a 10-amino acid c-myc
tag and migrates at a higher molecular weight than rBMP4). B, C, and D, ARPE-19
cells grown in 1% serum-containing medium for 7 days showed low levels of
expression of the senescence marker SA-�-galactosidase; however, expression of
SA-�-galactosidase was markedly increased in ARPE-BMP4 cells (**, p � 0.001).
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may be mediated by BMP4 via Smad and p38 signal pathways.
To confirm this hypothesis, we used Chordin-like 1 protein, a
BMP antagonist, to block BMP4 signaling and SB203580, a
phospho-p38 inhibitor, to block the p38 signaling pathway.
Chordin-like 1 protein (0.1 �g/ml) or SB203580 (10 �M) was
added to all of the control and stressor-containing culture
media of ARPE-19 cells during and after the stress treatments.
Cell cycle analysis revealed that treatment with either Chordin-
like 1 or SB203580 blocked the increase in cells in G0/G1 phase
induced by oxidative stressors (Fig. 4). Chordin-like 1 and
SB203580 alsomarkedly inhibited the induction of SA-�-galac-
tosidase (Fig. 5,B,C,E, F,H and I) andApo J expression (Fig. 9B;
p � 0.001) in tBH- or H2O2-treated cells. Western blot showed
that Chordin-like 1 or SB203580 similarly decreased the levels
of cell cycle checkpoint proteins p21Cip/WAF1 and p53 and
increased Rb that had been modulated by chemical oxidants
(Fig. 9A). These results strongly supported our hypothesis that
the oxidant-induced RPE cell senescence is mediated by BMP4
via Smad and p38 signaling pathways.

DISCUSSION

The RPE is a primary site of pathology in both early and late
forms of AMD. Although growth factor dysregulation has been
widely studied in the late wet form of AMD and has identified
vascular endothelial growth factor as a target for effective ther-
apy, there is very little known about such alterations in the early
or late forms of dryAMD. Previous proteomic studies of drusen
and RPE fromAMDeyes did not report increased expression of

growth factors; however, these
studies were not focused on the
macular region and evaluated
patients primarily with early AMD
or latewetAMD (37, 38). The aimof
this study was to investigate the
expression of BMP4 in AMD and
evaluate its potential role inmediat-
ing pathologic alterations found in
RPE in early and late dry AMD.
Our decision to study BMP4

expression in AMDwas based upon
previouswork indicating that BMP4
is important for specification of
RPE, that BMP4 is preferentially
localized to RPE in the murine ret-
ina, and that BMP4 is a negative reg-
ulator of RPE growth in vitro. In this
study, Western blots demonstrated
increased expression of BMP4 in
dry AMD retinas, and immunohis-
tochemical studies showed that this
increased BMP4 expression was
localized to RPE, Bruch membrane,
and the basement membrane
regions of the adjacent choriocapil-
laris. In contrast, BMP4 expression
was not seen in the RPE associated
with choroidal neovascular mem-
branes in wet AMD (results not

shown). The association of BMP4 with extracellular matrices is
consistent with our finding that BMP4 is secreted from RPE
cells. Recently, BMP4 has been found to bind the N-terminal
domain of fibrillin-1, a microfibril-formingmolecule expressed
by RPE and found in the extracellularmatrices, including Bruch
membrane and choroid (39–41). Increased expression of
BMP4 was not identified in neural retina in control or AMD
retinas (results not shown). Although a gene profiling study
suggested that BMP4 is expressed and may have a functional
role in rod photoreceptors, that study was not able to demon-
strate BMP4 expression by immunohistochemistry, suggesting
that levels of expression may be very low in those cells com-
pared with RPE (42).
The progressive accumulation of lipofuscin in RPE and geo-

graphic loss of RPE in dry AMD suggested to us the possibility
that BMP4 may be playing a role in mediating RPE senescence
and cell death. Indeed, in vitro studies had shown that BMP4 is
a negative growth regulator of adult human RPE, and studies in
cancer cells provided evidence that BMP4 can induce a senes-
cent phenotype. In order to model chronic overexpression of
BMP4 in RPE, as seen in dry AMD,we utilized lentiviral vectors
to overexpress BMP4 in a human RPE cell line. We show here,
for the first time in nonmalignant cells, that BMP4 induces an
accelerated senescent phenotype characterized by prominent
expression of SA-�-galactosidase.
The outer retina and RPE exists in an environment rich in

reactive oxygen species due to high oxygen consumption, expo-
sure to light, the presence of photosensitizers, and the diurnal

FIGURE 3. BrdU incorporation in ARPE-19 cells after sublethal exposure to oxidants and in BMP4-overex-
pressing cells. An in situ BrdUrd incorporation immunoperoxidase assay was used in ARPE-19 cells that were
treated with H2O2 (150 �M) for two stresses or tBH (30 �M) for five stresses. A–D, light microscopic images of in situ
BrdU immunostaining of ARPE-19 cells. A, unstressed ARPE-19 cells; B, H2O2-stressed ARPE-19 cells; C, tBH-stressed
ARPE-19 cells; D, BMP4-overexpressing cells. E and F, a BrdU incorporation ELISA was used in ARPE-19 cells that were
treated with H2O2 (50–250 �M) for two stresses or tBH (10–50 �M) for five stresses and in BMP4-overexpressing cells.
The rate of BrdU incorporation was significantly decreased in stressed RPE cells compared with control cells (E), even
at the lowest dose of oxidants, as well as in BMP4 overexpressing cells (F). **, p � 0.001.
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FIGURE 4. Cell cycle analysis of ARPE-19 cells after oxidant treatment and oxidant plus inhibitors. ARPE-19 cells treated with oxidants alone or co-treated
with oxidants and BMP4 antagonist Chordin-like 1 (CHL1) or phospho-p38 inhibitor SB203580 (SB) were stained with propidium iodide. The cell cycle
distribution was analyzed by flow cytometry. The percentage of cells in each cell cycle phase (G1/G0, S, and G2/M) was determined by DNA content. A
representative experiment is shown in A–I, whereas the mean values of three independent experiments are shown in J. The results (J) showed that
treatment with oxidants increased the percentage of cells in G0/G1 phase from 58% (unstressed cells) to 86% (H2O2-stressed cells) and 73% (tBH-stressed
cells) and decreased the percentage of cells in S phase from 16% (unstressed cells) to 0.6% (H2O2-stressed cells) and 4.4% (tBH-stressed cells), whereas the
percentage of cells in G0/G1 induced by oxidative stress and treated with either Chordin-like 1 or SB203580 was decreased to a level similar to those of unstressed cells.
*, p � 0.05; **, p � 0.01.
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phagocytosis of polyunsaturated fatty acid-rich photoreceptor
outer segments by RPE. As well, RPE lipofuscin is a potent gen-
erator of reactive oxygen species, and proteomic and immuno-
histochemical studies of AMD tissues reveal extensive accumu-
lation of oxidative protein modifications (43). Although it is
widely accepted that intracellular accumulation of reactive oxy-
gen species can induce premature senescence, little is known
about themechanism of this effect (44, 45). Recent studies have
demonstrated that chronic exposure of ARPE-19 cells to rela-
tively high levels of the oxidant, tBH (1.25–8 mM), also pro-
motes a senescent phenotype (20). We demonstrate here that
induction of a senescent phenotype inARPE-19 cells character-
ized by growth arrest (decreasedBrdU incorporation, increased
accumulation of cells in G0/G1, and decreased accumulation of
cells in S-phase) and increased expression of SA-�-galactosid-
ase andApo J can be achievedwithmuch lower levels of tBH (30

�M) (as well as 150 �M H2O2), levels that are likely to be more
physiologically relevant.
Previous reports evaluating the effect of oxidants on the cell

cycle have shown that, depending upon the cell type, culture
conditions, and level of oxidant, cell cycle arrest can be mul-
tiphase (46), G2/M (47), or G1 (48). Clearly, under the condi-
tions employed in our studies, oxidant stress leads to G0/G1
arrest.
Since BMP4 has been shown to promote the production of

reactive oxygen species in endothelial cells exposed to oscilla-
tory stress (49), we considered the novel hypothesis that oxida-
tive stress and premature senescence in RPE may be linked
through BMP4. We first evaluated the effect of oxidative stress
on BMP4 expression in RPE and found that low levels of either
tBH or H2O2 increase relative levels of BMP4 mRNA tran-
scripts by 2–3-fold over untreated cells and significantly
increase BMP4 secretion into culture supernatants. To deter-
mine whether BMP4 expression was necessary for the induc-
tion of senescence by oxidants, we blocked BMP4 signaling
through the use of the BMP inhibitor Chordin-like 1. Treat-
ment of RPE cells with Chordin-like 1 completely inhibited the
induction of SA-�-galactosidase by tBH and H2O2. Chordin-
like 1 is highly specific for the inhibition of BMP4; however, it
also weakly interacts with BMP5 and BMP6 (50–52). Since our
preliminary data confirmed that BMP5 and BMP6 were not

FIGURE 5. Senescence-associated �-galactosidase staining of ARPE-19
cells treated with oxidants and inhibitors of BMP4 or p38 signaling. The
oxidant stressed with or without inhibitor-treated ARPE-19 cells was incu-
bated with SA-�-galactosidase staining buffer for 24 h at 37 °C. Senescent
cells were photographed with a phase-contrast microscope and counted as
percentage of SA-�-galactosidase-positive cells. A, ARPE-19 cells without
stressors or inhibitors; B, ARPE-19 without stressor but with Chordin-like 1;
C, ARPE-19 without stressor but with SB203580; D, ARPE-19 cells treated with
150 �M H2O2; E, ARPE-19 cells treated with 150 �M H2O2 and Chordin-like 1;
F, ARPE-19 cells treated with 150 �M H2O2 and SB203580; G, ARPE-19 cells
treated with 30 �M tBH; H, ARPE-19 cells treated with 30 �M tBH and Chordin-
like 1; I, ARPE-19 cells treated with 30 �M tBH and SB203580. The images
shown here demonstrate that stressed cells show higher percentage of
senescence (SA-�-galactosidase-positive cells; D and G) than controls (A). In
the presence of the BMP4 antagonist, Chordin-like 1, or a phospho-p38 inhib-
itor, SB203580, in the medium, the numbers of senescent RPE cells were
reduced to base-line level (E, H, F, and I). J, tBH and H2O2 induced 65 and 48%
cell senescence, respectively, whereas the control and stressor plus inhibitor
groups showed less than 5% background cell senescence (**, p � 0.001).

FIGURE 6. Effect of oxidative stress on BMP4 gene expression and protein
secretion in ARPE-19 cells. Real time PCR (A) and ELISA (B) were used to
quantify the expression of BMP4 transcripts and secretion of BMP4 protein
into cell culture supernatants from stressed and unstressed ARPE-19 cells.
BMP4 mRNA expression was about 2.5-fold higher in H2O2-stressed cells and
about 3-fold higher in tBH-stressed cells than those in nonstressed ARPE-19
cells. BMP4 secretion into the media from oxidant-treated ARPE cells was also
increased in a dose-dependent manner. *, p � 0.05; **, p � 0.01.
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detectable in the ARPE-19 cells by RT-PCR (data not shown), it
is highly likely that Chordin-like 1 blocked the oxidant-induced
SA-�-galactosidase expression in ARPE-19 cells specifically
through the inhibition of BMP4.
To further support our contention that oxidative stress

induced senescencemediated through BMP4, we evaluated the
effects of tBH, H2O2, and BMP4 on p53 and phospho-Rb regu-
latory pathways that are critical to the induction of senescence
(53–57). Cell stress increases cellular p53 protein that subse-

quently enhances p21Cip1/WAF1

protein expression through tran-
scriptional regulation (58, 59).
p21Cip1/WAF1 acts to dephospho-
rylate Rb protein via inhibition of
the CycD-Cdk2 complex. The
increase in p53 and p21Cip1/WAF1

and the decrease of phospho-Rb
directly or indirectly lead to acceler-
ated cell senescence (60, 61). In
ARPE-19 cells treated with oxidants
(tBH, H2O2) or BMP4, we found
that in all three conditions, the lev-
els of p53 and p21Cip1/WAF1 protein
increased and phospho-Rb protein
decreased, confirming that p53 and
Rb pathways are similarly regulated
in BMP4- and oxidant-induced RPE
cell senescence. We also found dif-
ferences in the time course of induc-
tion of p21Cip1/WAF1 and p53.
Increased expression of p53 began
to increase 1 h after BMP4 treat-
ment, whereas p21Cip1/WAF1 pro-
tein expression increased only after
24 h of treatment, consistent with
studies showing that increased
expression of p21Cip/WAF1 is via
transcriptional regulation, whereas
increased p53 expression is via

protein stabilization (62–64).
We then evaluated which signaling pathways mediated the

induction of RPE senescence by oxidants and BMP4. Classi-
cally, BMP4 receptor activation leads to phosphorylation of
Smad1, -5, and -8, which in turn activate or inhibit their down-
stream target genes. p38has been shown in response to a variety
of extracellular stimuli, such as stress, inflammatory cytokines,
and growth factors (65, 66). Although it is well known that the
activation of BMP receptor, by its nonclassic pathway, can
cause the phosphorylation of p38, the activation and function of
p38 in cell senescence is far more complicated. Recently, Chre-
tien et al. (67), reported that the peroxide-induced senescence-
like morphological change in human diploid fibroblasts was
regulated by the p38 pathway. Because p38 is an essential mol-
ecule in the induction of cellular stress response, including oxi-
dative stress response, we examined not only Smad but also the
p38 pathway in the stressed and BMP4-treated RPE cells and
tried to elucidate the roles that the two pathways played in RPE
senescence. We experimentally confirmed that the phospho-
rylated Smad1, -5, and -8 and p38 increased in RPE cells after
treatment with different concentrations of recombinant BMP4
or oxidants. The results proved that both classic and nonclas-
sic BMP signaling pathways participated in the alteration of
cell checkpoint protein level and in the induction of RPE cell
senescence. Furthermore, the increase of phosphorylated
Smad1, -5, and -8 by oxidants strongly supports the idea that
oxidant-induced RPE senescence is mediated by the BMP
signaling pathway. However, how these two pathways syner-

FIGURE 7. Western blot analysis of p21Cip1/WAF1, p53, and phospho-Rb proteins in BMP4 or oxidant-
treated ARPE-19 cells. A, results using H2O2-treated cells; B, results using tBH-treated cells; C, results using
BMP4-treated cells; D, results using BMP4 overexpressing clone ARPE-BMP4. p21Cip1/WAF1 and p53 proteins
were increased and phospho-Rb (pRb) protein was decreased in BMP4- and oxidant-treated ARPE-19 cells and
in BMP4-overexpressing cells. For oxidant-treated cells, corresponding expression levels were measured by
Scion software, normalized to GAPDH, and labeled under each corresponding band.

FIGURE 8. Western blot analysis of phospho-Smad1/5/8 and phospho-
p38 proteins in BMP4- or oxidant-treated ARPE-19 cells. ARPE-19 cells
were treated with recombinant BMP4 protein for 1 h, and two oxidants, 150
�M H2O2 for two stresses and 30 �M tBH for five stresses. Western blots of cell
lysates were evaluated using phospho-Smad1/5/8 or phospho-p38 antibod-
ies and total Smad1 or total p38 antibodies for normalization. Phospho-
Smad1/5/8 and phospho-p38 proteins were increased in BMP4- and oxidant-
treated RPE cells.
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gistically regulated the fate of RPE cells under stress remains
to be elucidated.
To further verify that oxidant-induced RPE cell senescence is

mainly mediated by BMP4 signaling pathway and also through
the p38 mitogen-activated protein kinase pathway, we intro-
duced Chordin-like 1 to block the BMP4 signaling and
SB203580, a phospho-p38 inhibitor, to block the p38 pathway
(68, 69). The addition of Chordin-like or SB203580 not only
lowered the levels of cell cycle checkpoint proteins p53 and
p21Cip1/WAF1 and reduced the arrest of cells in G0/G1 but also
decreased the number of RPE cells with a senescent phenotype
characterized by the expression of SA-�-galactosidase andApo
J. Clearly, the results support our hypothesis that oxidant-in-
duced RPE cell senescence is principally mediated by BMP4
signaling.
In summary, this study demonstrates the increased expres-

sion of BMP4 in RPE cells in both the early and late form of dry
AMD. We provide evidence that oxidants (oxidative stress)
increase BMP4 expression in RPE cells and that BMP4-medi-
ated signaling results in increased p53 and p21Cip1/WAF1 and
decreased pRb via Smad and p38 mitogen-activated protein
kinase with induction of RPE cell senescence. The age-related
eye disease study (70) has shown that a combination of antioxi-

dants (�-carotene, vitamin C, and vitamin E) and zincmay slow
the progression of AMD to advanced forms of the disease. Our
results suggest that oxidative stress and BMP4 may interact to
promote RPE senescence and that BMP4may represent a novel
therapeutic target to inhibit the progressive effects of oxidative
stress and senescence in dry AMD.
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