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Abstract

Retinal pigment epithelial (RPE) cells secrete vascular endothelial growth factor (VEGF), a
cytokine known to promote angiogenesis. Results from RNase protection assays (RPAs) show that
RPE from non-diabetic human donors and from adult retinal pigment epithelium-19 (ARPE-19)
cells expressed significant bone morphogenetic protein-4 (BMP-4) message. In addition,
ARPE-19 cells cultured in high glucose (25 mM), compared to those in physiological glucose (5.5
mM) released significantly more BMP-4 into the conditioned media (CM). However, the effect of
BMP-4 on the release of VEGF by ARPE-19 cells has not been studied. Accordingly, ARPE-19
cells were treated with BMP-4 to determine VEGF secretion. BMP-4 and VEGF levels in the CM
and cell lysates were measured by enzyme-linked immunosorbent assay (ELISA). Cells treated
with exogenous BMP-4 had higher VEGF in the CM and this treatment effect was dose- and time-
dependent, while cell lysates had low levels of VEGF. Addition of cycloheximide (CHX) or
actinomycin-D (ACT) significantly reduced VEGF secretion from cells treated with BMP-4,
suggesting that the BMP-4-induced secretion of VEGF requires new RNA and protein synthesis.
Our results suggest that BMP-4 may play a role in the regulation of ocular angiogenesis associated
with diabetic retinopathy (DR) by stimulating VEGF release from RPE cells.
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The retinal pigment epithelium (RPE), the outermost layer of the retina, plays an important
role in the development and function of the eye. Adult retinal pigment epithelium-19
(ARPE-19) cells are from a primary cell line developed from a 19-year-old male eye donor.
These cells have been shown to retain some important physiological functions of the eye,
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suggesting that they are appropriate for in-vitro studies of RPE functions [Dunn et al., 1996].
ARPE-19 cells have also been shown to release vascular endothelial growth factor (VEGF)
in response to amino acid deprivation (metabolic stress; [Abcouwer et al., 2002]), 4-
hydroxynonenal (oxidative stress; [Ayalasomayajula and Kompella, 2002]), and SA3443, a
synthetic cyclic disulfide compound (anti-inflammation; [Muranaka et al., 2005]).

Pfeffer et al. [1994] showed that human RPE cells produce transforming growth factor-beta
2 (TGF-B2) and Pascal et al. [1999] showed that TGF-B2 production can be affected by
different glucose concentrations. Three specific isoforms of the transforming growth factor-
beta (TGF-B) were found to increase VEGF in primary cultured human retinal pigment
epithelium (HRPE) cells [Nagineni et al., 2003] and VEGF is crucial for angiogenesis
[Saadeh et al., 1999]. VEGF has also been identified as an initiator of proliferative diabetic
retinopathy (DR) and found to be related to neovascularization [Aiello and Wong, 2000].

Bone morphogenetic proteins (BMPs) are members of TGF-3 superfamily of proteins.
BMPs 2-9 were identified as members of this superfamily based on similar amino acid
sequences, while BMPs 10-13 were identified by lowstringency hybridization [Schmitt et
al., 1999]. BMPs can trigger many cellular functions including bone formation [Mathura et
al., 2000]. In a study using osteoblastic cells, BMP-7 (OP-1) induced VEGF expression by
osteoblast cells [Yeh and Lee, 1999], suggesting that BMP-7, acting at least in part via
VEGF, stimulates angiogenesis in bones. BMP-4, another of the many BMPs identified, has
been shown to be involved in embryonic eye development and formation [Mathura et al.,
2000]. Although BMP-4 diminishes after early embryonic development, it is also associated
with other physiological processes [Mathura et al., 2000]. BMP-6 and -7 are known to be
associated with neuro-protection from ischemia in adult rats [Martinez et al., 2001; Chang et
al., 2002]. BMP-4 was found to be neuroprotective of Muller glia in the chicken retina
[Fischer et al., 2004], and upregulated in malignant melanoma, promoting cell invasion and
migration [Rothhammer et al., 2005]. BMP-2 and TGFb share a signaling pathway of
insulin-stimulated differentiation of pancreatic  cells [Yew et al., 2005]. BMP-4 inhibits
follicle-stimulating hormone in the pituitary [Faure et al., 2005] and promotes smooth
muscle proliferation [Frank et al., 2005]. Furthermore, transcription of the vegf gene in
zebrafish embryos was found to be regulated by BMP-4 binding to BMP-activated Smad
binding elements [He and Chen, 2005]. Although there are many structural homologies
between BMPs and TGF-fs [Schmitt et al., 1999], the effect of glucose on BMP-4 secretion
and the possible effects of BMP-4 on VEGF secretion have not been investigated.

In the present study, we have confirmed BMP-4 expression in ARPE-19 cells and in the
RPE cells from a non-diabetic human donor. BMP-4 secretion from ARPE-19 cells cultured
in high glucose concentration (25 mM), in comparison to physiological level (5.5 mM), was
elevated. Treatments of ARPE-19 cells with BMP-4 resulted in an upregulation of VEGF
synthesis and secretion. Therefore, we propose that BMP-4, similar to TGF-8, may play a
regulatory role in angiogenesis via VEGF synthesis and secretion.
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MATERIALS AND METHODS
ARPE-19 Cell Culture

The adult retinal pigmented epithelium cell line, ARPE-19, was purchased from American
Type Culture Collection (ATCC, Rockville, MD) and cultured as described by Dunn et al.
[1996] except they were revived in 5.5 mM instead of 18 mM glucose and were grown in
5% CO> instead of 10%. ARPE-19 cells were grown to confluence in T-75 flasks (~3-5
days) in Dulbecco's Modified Eagle Medium/F12-Nutrient Mixture (DMEM, Gibco; F-12
Nutrient Mixture, Gibco; obtained without glucose and then supplemented by adding
glucose to the appropriate concentrations) with 15 mM HEPES buffer (Gibco), 10% fetal
bovine serum (Gibco), 5.5 mM glucose, 0.35% additional sodium bicarbonate, 2.5 MM .-
glutamine, and 1% penicillin/streptomycin at 37°C. Media was changed every other day. At
confluence, these cells are undifferentiated (i.e., without melanin) but express several visual
proteins [Dunn et al., 1996] including the LRAT enzyme [Trevino et al., 2005].

RPE Tissue From Human Donor Eyes

Human donor eyes were from National Disease Research Interchange. NDRI # 47700 was a
non-diabetic Caucasian male, 39 years old. The eyes were frozen within 9 h post-enucleation
before being transported to the laboratory. RPE tissues were dissected from donor eyes
immediately upon arrival.

Experiments on the Effect of Glucose Concentration on BMP-4 Secretion

Cells at confluence were treated with 0.25% trypsin in 0.02% EDTA and subcultured into
24-well plates with serum-free (SF) media containing 5.5 mM glucose (day 0, passage 25).
On day 5, media was changed to 5.5 mM glucose, 25 mM glucose, or 5.5 mM glucose +19.5
mM mannitol. Experimental media was changed every other day two more times (until day
10). Conditioned media (CM) containing proteins secreted during a 24-h treatment period
after having been treated for five days was collected and assayed for BMP-4 using enzyme-
linked immunosorbent assay (ELISA).

Physiological serum glucose level has been reported in the literature as 4.4-6.0 mM
[Guyton, 1982; Norman and Litwack, 1987; Stryer, 1995], therefore, 5.5 mM glucose is an
appropriate normal, physiological concentration. Serum glucose levels in type | and |1
diabetics have been reported to be 17.5-66.0 mM glucose [Guyton, 1982; Norman and
Litwack, 1987; Stryer, 1995], therefore, 25 mM glucose is a representative hyperglycemic
level.

Experiments on the Effect of Concentration of BMP-4 on VEGF Secretion From ARPE-19

Cells

Cells at confluence were treated with 0.25% trypsin in 0.02% EDTA and subcultured in 24-
well plates into SF media containing 5.5 mM glucose (day 0, passage 25). On day 5, media
containing exogenous BMP-4 at a final concentration of 0.1, 1.0, and 10 ng/ml was added to
the cells. Experimental media was changed every other day two more times (until day 10).
Cells and CM containing proteins secreted during a 24-h period of treatment were collected
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on day 10, after 5 days of treatment, and assayed for VEGF using ELISA according to the

following experimental paradigm:

ARPE-19 cells were
exposed to serum-free
media containing
5.5mM glucose for 5
days prior to treatment
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To determine VEGF levels in the cell lysate, cells pre-washed with Hank's balanced salt
solution (HBSS) were first recovered in 250 pl 0.1% Triton X-100 solution in phosphate
buffered saline (PBS) by scraping them from the culture plate. An additional 250 pl of 0.1%
Triton X-100 solution in PBS was added to each well to ensure complete cell collection. The
total cell suspension recovered from each well (in 500 pl, 0.57 mg protein) was then
sonicated for 2 min before ELISA assays.

Experiments on the Effect of Duration of BMP-4 Treatment on VEGF Secretion From
ARPE-19 Cells

Cells at confluence were treated with 0.25% trypsin in 0.02% EDTA and subcultured in 24-
well plates into SF media containing 5.5 mM glucose (day 0, passage 25). On day 5, media
containing exogenous BMP-4 at a final concentration of 10 ng/ml was added to the cells.
Experimental media was changed every other day two more times (until day 10). Cells and
CM containing proteins secreted during a 24-h period of treatment were collected on days 8
and 10, after 3 and 5 days of treatment, and assayed for VEGF using ELISA according to the
experimental paradigm illustrated below.

Experiments on the Effect of Cycloheximide (CHX) and Actinomycin-D (ACT) on VEGF
Secretion

Cells at confluence were treated with 0.25% trypsin in 0.02% EDTA and subcultured in 24-
well plates into SF media containing 5.5 mM glucose (day 0, passage 25). On day 5, media
containing exogenous BMP-4 at a final concentration of 10 ng/ml was added to the cells
along with either 3.6 UM CHX or 0.5 pM ACT. Experimental media was changed every
other day two more times (until day 10). Cells and CM-containing proteins secreted during a
24-h period of treatment was collected on day 10, after 5 days of treatment, and assayed for
VEGF using ELISA.

Enzyme-Linked Immunosorbent Assay

BMP-4 and VEGF were measured according to manufacturer's instructions (R&D Systems).
To determine BMP-4 and VEGF levels in CM, triplicate samples of 300-pl aliquots were
removed for ELISA assays. The Quantikine human VEGF ELISA is designed to measure
total VEGF165 and VEGF11 levels. There are four VEGF isoforms and only VEGF 65 and
VEGF,4 are diffusible proteins that are secreted into the medium.
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VEGF1gs5 is the most predominant form of VEGF and is associated with pathologic
intravitreous neovascularization [Treins et al., 2001; Ishida et al., 2003; McColm et al.,
2004]. The minimum detectable dose of VEGF in the ELISA is typically less than 5 pg/ml.
The minimum detectable dose of BMP-4 in the ELISA is typically less than 0.43 pg/ml.

RNase Protection Assay (RPA)

Total RNA was extracted using the TRI reagent following the manufacturer's
recommendation (Sigma). RPE cells dissected from donor eyes were homogenized in 1 ml
of TRI reagent. Total RNA was used to determine mRNA levels of BMP-4 by RPA. An
mBMP RiboQuant RPA kit with multi-probe template sets from BD Phar-Mingen (San
Diego, CA) was used according to manufacturer's instructions. L32, a ribosomal protein,
was used as an internal control and to evaluate sample loading.

Statistical Analysis

Experimental data were collected in triplicate except where noted. The results are expressed
as the mean * SE. The statistical analysis was performed using Student's paired t-test. A
confidence level of P < 0.05 was considered statistically significant.

RESULTS

RNase protection assay was used to assess the expression of the members of the BMP
family in ARPE-19 cells and in RPE cells from a non-diabetic human donor. Figure 1 shows
that BMP-1, -2, -3, and -4 mRNAs were detected in ARPE-19 cells, with BMP-4 being the
predominant isoform. Human RPE cells also expressed BMP-4 with a similar level of
BMP-3 but with much lower levels of BMP-2 and BMP-1.

ARPE-19 cells were cultured in 5.5 mM glucose, 25 mM glucose, and 5.5 mM glucose +
19.5 mM mannitol. Figure 2 shows that CM from cells in 25 mM glucose had a significantly
higher (237%, P = 0.0035) level of BMP-4 in comparison to those in 5.5 mM glucose.
However, CM from cells cultured in 5.5 mM glucose +19.5 mM mannitol (osmotic control)
also showed a significant (97.4%, P = 0.016) but somewhat smaller increase of BMP-4 level
from the control (5.5 mM glucose). Therefore, the overall increase of BMP-4 protein
secretion in cells grown in high glucose (25 mM) may include this increase of BMP-4 due to
osmolarity.

In order to study how exogenous BMP-4 induced VEGF secretion by ARPE-19 cells,
different concentrations of exogenous BMP-4 were added to the media of ARPE-19 cells
using the schedule described in Materials and Methods. Figure 3 shows the relationship
between VEGF levels in the CM from cells cultured in media containing 5.5 mM glucose
plus vehicle, 0.1, 1.0, or 10 ng/ml exogenous BMP-4. The level of VEGF increased in
proportion to the (log) increase of BMP-4 concentration, suggesting a strong dose-response
relationship between exogenous BMP-4 and VEGF secretion by ARPE-19 cells.

VEGF in the cell lysate was also measured using ELISA in order to determine whether
BMP-4 caused an increase in the release of previously accumulated VEGF from within the
cells. Results in Figure 3 indicate that the cell lysates consistently displayed lower

J Cell Biochem. Author manuscript; available in PMC 2015 January 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vogt et al.

Page 6

concentrations of VEGF, suggesting that the increased VEGF secretion may not be due to
previously accumulated VEGF.

The amount of VEGF in CM of cells treated with BMP-4 also increased with the duration of
BMP-4 treatment. Figure 4 shows that at 10 ng/ ml of exogenous BMP-4, levels of VEGF
protein in the CM of ARPE-19 increased proportionately with the increased treatment
period, indicating a strong time-dependency in the BMP-4 treatment response.

To examine whether BMP-4 induced synthesis of VEGF in ARPE-19 cells, 3.6 uM CHX or
0.5 uM ACT was added to the media of cells treated with 10 ng/ml of BMP-4. Treatment
with ACT decreased the amount of VEGF in the CM by 94.6% and the addition of CHX
reduced the amount of VEGF in the CM by 58.2% (Fig. 5), and these changes are
statistically significant. These results support the suggestion that increased amounts of VEGF
released by ARPE-19 cells in response to BMP-4 treatment are due to increased RNA and
protein synthesis rather than an increased release of VEGF from cell storage.

DISCUSSION

Diabetic retinopathy is one of the leading causes of blindness in the United States [Burgos et
al., 1997]. DR may be caused by increased retinal vascular permeability, new retinal vessel
development, and/or loss of retinal capillaries [Aiello and Wong, 2000]. VEGF is considered
to be a key angiogenic factor in the neovascularization of proliferative DR [Castellon et al.,
2002]. The present study is the first to examine whether BMP-4, a cytokine promoting bone
and eye development [Mathura et al., 2000], may enhance VEGF secretion and thus play a
role in VEGF-induced angiogenesis.

Our results show that ARPE-19 cells grown in media containing a hyperglycemic level (25
mM) of glucose secrete more BMP-4 protein than those grown in media with a
physiological level (5.5 mM) of glucose (Fig. 2). As BMP-4 mRNA is also expressed in
both ARPE-19 and human RPE cells (Fig. 1) and it plays a strong role in cell differentiation,
it would be of great interest to study whether this elevated BMP-4 level may be involved in
the development of DR via VEGF secretion by ocular cells.

Because BMP-4 is a member of the TGF-f family of proteins which affect VEGF
expression, we hypothesized that BMP-4 may also affect VEGF synthesis and release.
Therefore, we investigated the effects of exogenous BMP-4 on VEGF secretion by
ARPE-19 cells. Based on our results shown in Figures 3 and 4, it is clear that BMP-4
increased VEGF secretion by ARPE-19 cells in a dose- and time-dependent manner. Our
results on cell lysate suggest that VEGF may be stored at low levels intracellularly, and that
the observed BMP-4-induced VEGF secretion may not be due to release of previously stored
VEGEF in these cells. This conclusion was further substantiated by the results of ARPE-19
treated with BMP-4 and CHX or ACT, which inhibited VEGF synthesis leading to a
significantly lower secretion of VEGF (Fig. 5). At present, the transduction pathways of
BMP-4-induced VEGF production remain to be established [Nagineni et al., 2003; He and
Chen, 2005].

J Cell Biochem. Author manuscript; available in PMC 2015 January 26.
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Our experimental results seem different from a recent study, using HRPE cells, in which
BMP-4 did not affect VEGF secretion [Nagineni et al., 2003]. It is possible that the
ARPE-19 cells used in our study have different gene expression than the HRPE cells in that
study. In addition, 10 ng/ml of BMP-4 was used in our study, as compared with a higher
concentration of 40 ng/ ml used in the reported study [Nagineni et al., 2003]. Furthermore,
in our study, BMP-4 treatment of ARPE-19 cells shows significant time- and dose-
dependency of VEGF secretion (Figs. 4, 5), suggesting a strong effect of BMP-4 on these
cells. Additional studies will be needed in order to examine why HRPE cells did not respond
to BMP-4 treatments.
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BMP bone morphogenetic protein
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Fig. 1.
BMP mRNA expression in ARPE-19 cells and in RPE cells from a non-diabetic human

donor. Total RNA was isolated using the TRI reagent. Twenty micrograms of total RNA
was used for the measurement of BMP mRNA expression by the RPA. The protected RNA
fragments were fractionated on 5% polyacrylamide gels containing 8 M urea and detected
by Phosphorlmaging. Positions of labeled probes for the different BMPs and a housekeeping
gene control (ribosomal protein L32) are marked on the left of the image. The protected
fragments are indicated on the right with arrows.
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Fig. 2.

Ef?‘ect of glucose treatment on BMP-4 secretion by ARPE-19 cells. Cells were grown to
confluence in media containing physiological glucose (5.5 mM) before being harvested and
re-seeded into different media for 24 h. After cells were treated for 5 days, CM was
collected for ELISA measurement of BMP-4. No change in total cell protein (ranged from
0.48 to 0.66 mg/well) was observed in glucose treatment. Mean and standard error from
results of three experiments are indicated in the diagram. In each experiment, five
observations were made in each treatment group. *Indicates statistically significant
difference between BMP-4 concentration in CM from cells grown in 25 mM glucose and
those from cells in 5.5 mM glucose+ 19.5 mM mannitol as compared to those from cells
grown in 5 mM glucose, P < 0.05.
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Fig. 3.

Ef?‘ect of exogenous BMP-4 concentration on VEGF secretion by ARPE-19 cells. ARPE-19
cells were grown to confluence in SF media containing 5.5 mM glucose before the addition
of exogenous BMP-4 at 0.1, 1.0, or 10 ng/ml. For detailed treatment paradigm, see Materials
and Methods. CM and cells were collected after a 24-h period of BMP-4 treatments. VEGF
levels in the CM and cell lysate were measured using ELISA. Results of VEGF in the CM
are mean and standard error from two representative experiments (with triplicate
observations per concentration per experiment). Results of VEGF in the cell lysates were
derived from one experiment (with triplicate measurements for each concentration).
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Effect of exogenous BMP-4 treatment duration on VEGF secretion by ARPE-19 cells.
ARPE-19 cells were grown to confluence in SF media containing 5.5 mM glucose before the
addition of exogenous BMP-4 (10 ng/ml). For detailed treatment paradigm, see Materials
and Methods. CM was collected from cells after the specified period of BMP-4 treatments.
VEGEF levels in the CM and cell lysate were measured using ELISA. Results of VEGF in the
CM are mean and standard error from two representative experiments (with triplicate
observations per time point per experiment). Results of VEGF in the cell lysates were
derived from one experiment (with triplicate measurements for each time point).
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Fig. 5.

Effect of CHX and ACT on VEGF secretion by ARPE-19 cells. ARPE-19 cells were grown
to confluence in SF media containing 5 mM glucose before the addition of exogenous
BMP-4 (10 ng/ml) and CHX (3.6 uM) or ACT (0.5 pM). CM was collected from cells at the
5th day of treatment with BMP-4. VEGF in the CM was assayed using ELISA. One
experiment was performed and four observations were made per treatment group. The mean
+ SE are indicated. *Indicates significant difference between VEGF concentration in CM
without inhibitors compared to those with CHX and with ACT.
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