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Abstract

Purpose: The overall objective of this study was to investigate the differential expression of folate receptor-alpha
(FR-a), sodium-dependent multivitamin transporter (SMVT), and amino acid transporter [B (0, + )] in retino-
blastoma (Y-79) and retinal pigment epithelial (ARPE-19) cells.
Methods: Polymerase chain reaction (PCR) analysis was performed to confirm the existence of FR-a, SMVT, and
B (0, + ) in Y-79 and ARPE-19 cell lines. Quantitative real-time PCR was also performed to determine the relative
expression of FR-a, SMVT, and B (0, + ) at mRNA level in these cell lines. Quantitative uptake of [3H] Folic acid,
[3H] Biotin, and [14C] Arginine was studied in Y-79 and ARPE-19 cells. Further, saturation kinetics of [3H] Folic
acid, [3H] Biotin, and [14C] Arginine was performed in the presence of various concentrations of respective cold
substrates to determine the kinetic parameters (Km and Vmax) in Y-79 and ARPE-19 cells.
Results: PCR analysis had confirmed the existence of FR-a, SMVT, and B (0, + ) in Y-79 and ARPE-19 cells.
Quantitative real-time PCR analysis had shown significantly higher expression of FR-a, SMVT, and B (0, + )

mRNA levels in Y-79 cells compared with ARPE-19 cells. Quantitative uptake of [3H] Folic acid, [3H] Biotin, and
[14C] Arginine was found to be significantly higher in Y-79 cells relative to ARPE-19 cells. [3H] Folic acid uptake
process followed saturation kinetics with apparent Km of 8.29 nM and Vmax of 393.47 fmol/min/mg protein in Y-
79 cells and Km of 80.55 nM and Vmax of 491.86 fmol/min/mg protein in ARPE-19 cells. [3H] Biotin uptake
process also displayed saturation kinetics with Km of 8.53 mM and Vmax of 14.12 pmol/min/mg protein in Y-
79 cells and Km of 138.25 mM and Vmax of 38.85 pmol/min/mg protein in ARPE-19 cells. [14C] Arginine uptake
process followed saturation kinetics with Km of 16.77 mM and Vmax of 348.27 pmol/min/mg protein in Y-79 cells
and Km of 52.03 mM and Vmax of 379.21 pmol/min/mg protein in ARPE-19 cells.
Conclusions: This work demonstrated for the first time the higher expression and affinity of FR-a, SMVT, and
B (0, + ) mRNA levels in retinoblastoma (Y-79) cells compared with retinal pigment epithelial (ARPE-19) cells.

Introduction

Retinoblastoma (RB) represents intraocular neoplasm
particularly in children, with around 200 new cases

being reported every year in the United States.1,2 Approxi-
mately, 87% of children diagnosed with RB do not survive
very long due to metastasis and hematogenous spread. RB is
common in children between the age of 3 and 7.3 Enucleation
coupled with external beam radiotherapy (EBR) remains as

the mainstay treatment for intraocular malignancies. Of late,
there has been a resurgence of interest in implementing
chemotherapy as a major treatment option in RB so as to
avoid enucleation and/or EBR to save vision.3 Moreover,
chemotherapy also lowers the risk of secondary malignan-
cies associated with EBR. Tumor regression is evident fol-
lowing a combination therapy with cyclophosphamide,
doxorubicin, vincristine, thiotepa, nimustine, melphalan, and
cisplatin.4 However, for chemotherapy to be successful, the
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anticancer agents must generate intracellular therapeutic
concentrations. Efflux pumps that are highly expressed on
the cancer cell membrane are responsible for subtherapeutic
levels of chemotherapeutic agents, leading to drug resis-
tance. With multidrug resistance (MDR) gene over-
expression, tumor cells may develop resistance to a wide
range of structurally and functionally diverse chemical
agents. MDR genes encode for 3 main types of efflux pro-
teins: P-glycoprotein (P-gp), multidrug resistance associated
proteins (MRP), and breast cancer resistance protein
(BCRP).5,6 Of these P-gp and MRPs are known to be ex-
pressed on RB cells. Most chemotherapeutic agents are good
substrates for these efflux pumps that may reduce drug
concentrations in tumor cells.7,8

Moreover, anticancer agents fail to differentiate between
normal and tumor cells resulting in adverse effects and
systemic toxicity. Over the past few years there has been a
growing interest in the development of novel strategies for
actively targeting drugs to cancer cells.9 Nutrient transport-
ers/receptors including amino acids, glucose, peptide, folate,
biotin, riboflavin, monocarboxylic acid, nucleoside/nucleo-
base, organic anion/cation transporters, present on the ret-
ina, play an important role in nutrition and regulation of
endogenous/exogenous substances.10 Uncontrolled prolifer-
ation of cancer cells requires high intake of vitamins and
nutrients as compared with normal cells. This requirement is
often met by acquiring genetic mutations that functionally
alter receptor-initiated signaling pathways in cancer cells.
Such pathways in turn help in activating the uptake and
metabolism of vitamins and nutrients necessary for promo-
tion of cell survival and growth.11,12 Cell membranes express
a definite set of membrane transport proteins that bind to
their respective substrates with high affinity and specificity.13

Therefore novel approaches that can enhance the selectivity
of anticancer agents to nutrient and vitamin transporters
seem to be promising.

Transporter/receptor-mediated drug delivery is one such
approach that has been successfully utilized for enhancing
uptake across membranes.14 By chemical modification or
coupling to a promoeity (ligand) that is a substrate for the
transporter/receptor, the parent drug can be transported.15

Several transporter/receptor systems such as folate receptor-
alpha (FR-a),16 sodium-dependent multivitamin transporter
(SMVT), and neutral and cationic amino acid transporter
(B(0, + )) play a critical role in the internalization of vitamins
and amino acids. However, detailed understanding of the
transporter/receptor overexpression in cancer cells can aid in
designing an effective transporter/receptor-mediated drug
delivery system. Therefore, our objective is to determine
quantitative expression of FR-a, SMVT, and B (0, + ) carrier–
mediated systems on RB cells and compare with normal
retinal cells. Y-79 and ARPE-19 cell lines were selected as
models for RB and retinal pigment epithelial (RPE) cells,
respectively. Various reports suggest that RB originates from
a primordial bipotential neuroectodermal cell containing
neuronal and glial characteristics. Hence Y-79 cell line maybe
considered as a model of human retinal neoplasm.2 Though
several nutrient and vitamin transporters (peptide, amino
acids, glucose, folate, monocarboxylic acid, nucleoside and
nucleobase, organic anion, and organic cation transporters)
are expressed on plasma membranes, this work investigates
the differential expression of FR-a, SMVT, and B (0, + ) carrier
systems due to their importance in drug delivery.17,18 Based

on our studies and some published results from our labo-
ratory we made an attempt to compile the differential ex-
pression of FR-a, SMVT, and B (0, + ) carrier–mediated
systems on RB cells and compare with ARPE-19 cells.

Methods

Materials

[3H] Folic acid (50 Ci/mmol), [3H] Biotin (50 Ci/mmol),
and [14C] Arginine (8.5 mCi/mmol) were procured from
Perkin-Elmer (Boston, MA). Y-79 and ARPE-19 cells were
obtained from ATCC (Manassas, VA). The growth medium
and nonessential amino acids were obtained from Gibco
(Invitrogen, GrandIsland, NY). Penicillin, streptomycin, so-
dium bicarbonate, and HEPES were purchased from Sigma-
Aldrich (St. Louis, MO). Culture flasks (75 cm2 growth area)
and 12-well tissue culture plates were purchased from
Corning Life Sciences (Lowell, MA). The buffer chemicals
were of analytical grade and obtained from Sigma-Aldrich.

Cell culture

Y-79 cells were cultured as a suspension in RPMI 1640
medium supplemented with 15% non-heat-inactivated fetal
bovine serum, 1 mM glutamine, penicillin (100 units/mL),
and streptomycin (100 mg/mL). ARPE-19 cells (passages
18–25) were cultured in DMEM/F-12 containing 10% heat-
inactivated fetal bovine serum, 15 mM HEPES, 29 mM
sodium bicarbonate, penicillin (100 units/mL), and strepto-
mycin (100 mg/mL). Cells were maintained in 75 cm2 tissue
culture flasks at 37�C, in a humidified atmosphere of 5% CO2

and 90% relative humidity. The medium was replaced every
other day. ARPE-19 cells were grown on 12-well costar
plates. All the ARPE-19 cultures used for experimentation
were multilayered and confluent.

Reverse transcription–polymerase chain
reaction analysis

RNA was extracted from cells using TRIzol� reagent (In-
vitrogen, GrandIsland, NY) according to the manufacturer’s
protocol. Briefly, cells were lysed using phenol-chloroform
and isopropanol method. RNA was suspended in DNase-
RNase–free water and concentration was determined using
Nanodrop (Thermo Scientific, Wilmington, DE). cDNA was
generated for specific amount of mRNA using oligodT and
M-MLV RT polymerase. Three microliters of cDNA was then
introduced into polymerase chain reaction (PCR). Primers
used for the amplification of specific genes were summarized
in Table 1. The PCR conditions were as follows: denaturation
(94�C, 45 s), annealing (56�C, 1 min), and extension (72�C,
45 s) for 45 amplification cycles, followed by a final extension
of 72�C for 10 min. The product was then subjected to gel
electrophoresis with 1.5% agarose gel and visualized under
UV.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qPCR) was performed to
compare the FR-a, SMVT, and B (0, + ) transporter expression
levels in Y-79 and ARPE-19 cells. qPCR was performed with
Light cycler SYBR-green technology (Roche) using cDNA
equivalent to 80 ng of total RNA with specific primers for
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each gene. PCR products were subjected to a melting-curve
analysis to confirm the PCR specificity. The comparative
threshold method was used to calculate the relative amount
of mRNA in ARPE-19 with Y-79 cells. The real-time primers
used for the study were summarized in Table 2. GAPDH was
used as an internal control in both the cells.

Uptake experiments

Y-79 cells were collected following centrifugation and then
washed 3 times with Dulbecco’s phosphate-buffered saline
(DPBS; pH 7.4), containing 130 mM NaCl, 0.03 mM KCl,
7.5 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM
MgSO4, and 5 mM glucose. Aliquots of *5 · 106 cells were
then preincubated in 1 mL DPBS for 10 min at 37�C. Uptake
was initiated by the addition of a fixed amount of [3H] Folic
acid, [3H] Biotin, and [14C] Arginine. Cells were incubated
for 30 min at 37�C. At the end of each experiment, tubes were
immediately centrifuged, the solution was aspirated, and
cells were washed 3 · with 1 mL of ice-cold stop solution
(210 mM KCl and 2 mM HEPES), pH 7.4, to arrest the reac-
tion. Cells were then solubilized in 1 mL of 0.1% Triton-X
solution in 1% NaOH and an aliquot was then transferred to
vials containing 5 mL of scintillation cocktail. Radioactivity
associated with the cells was quantified with a scintillation
counter (Model LS-9000; Beckman Instruments, Inc., Full-
erton, CA) and protein content of each sample was measured
by the methods of Bradford with bovine serum albumin as
the standard (Bio-Rad protein estimation kit; Hercules, CA).
Cell viability under all treatment regimens was monitored by
the trypan blue exclusion test and was routinely observed to
be between 90% and 95%. Similarly, uptake studies were
carried out with 21-day-old ARPE-19 cell monolayers. Fol-
lowing aspiration of the culture medium, cell monolayers
were washed with DPBS thrice and uptake was performed as
mentioned previously.16

Following the method just outlined, saturation kinetics of
all the substrates was studied by performing the uptake in
presence of various concentrations of unlabeled cold sub-
strates.

Data analysis

Uptake data were fitted into a classical Michaelis–Menten
equation.

V¼ Vmax � C

Km þ C

V is the total rate of uptake, Vmax represents the maximum
uptake rate for the carrier-mediated process, Km (Michaelis–
Menten constant) is the concentration at half-saturation, and
C denotes substrate concentration. Data were fitted to above
equation with a nonlinear least square regression analysis
program (Kaleida Graph Version 3.09; Synergy Software,
PA) and the kinetic parameters were calculated. Quality of
the fit was determined by evaluating the coefficient of de-
termination (R2), the standard error of parameter estimates,
and by visual inspection of the residuals.

Statistical analysis

All experiments were conducted at least 6 times and re-
sults were expressed as mean – SD. Unpaired Student’s t-test
was used to estimate statistical significance. A difference
between mean values was considered significant if P < 0.05.

Results

Reverse transcription–PCR analysis

Expression of FR-a in ARPE-19 and Y-79 cells at the mRNA
level was determined by reverse transcription–PCR (RT-PCR)
analysis. A major band (396 bp) corresponding to the ampli-
fied FR-a precursor mRNA in Y-79 (Fig. 1A) and ARPE-
19 cells (Fig. 1B) was noted by gel electrophoresis. BLAST
analysis indicated that the primers used in this study could
result in a PCR product of 396 bp by binding to the FR-a
precursor mRNA. Similarly, the expression of SMVT in Y-79
and ARPE-19 cells at the mRNA level was also determined. A
major band (774 bp) corresponding to the amplified SMVT
precursor mRNA in Y-79 (Fig. 1A) and ARPE-19 cells (Fig. 1B)
was observed in gel electrophoresis. BLAST analysis showed
that the primers used in this study can result in a PCR product
of 774 bp by binding to the SMVT precursor mRNA. The ex-
pression of the B (0, + ) in Y-79 and ARPE-19 cells at the mRNA
level was determined by RT-PCR analysis. A major band

Table 1. Polymerase Chain Reaction Primers for Folate Receptor-Alpha, Sodium-Dependent

Vitamin Transporter, and Neutral and Cationic Amino Acid Transporter [B (0, + )]

Gene Sequence 5¢/3¢ Product length

FR-a Forward AGGACAGACATGGCTCAGCGGA 396
Reverse TACCCGCTCTTTGCGCCAGC

SMVT Forward AGGGCTGCAGCGGTTCTATT 774
Reverse GCAGCTTCCAGTTTTATGGTGGAG

B(0, + ) Forward CCAGCCGAGGGAGTGAACCATG 698
Reverse TTGACCGTTGGAGCGCCACTT

FR-a, folate receptor-alpha; SMVT, sodium-dependent multivitamin transporter.

Table 2. Quantitative Real-Time Polymerase

Chain Reaction Primers for Folate Receptor-Alpha,

Sodium-Dependent Vitamin Transporter, and Neutral

and Cationic Amino Acid Transporter [B (0, + )]

Gene Sequence 5¢/3¢

FR-a Forward AGGACAGACATGGCTCAGCG
Reverse TGTGGTGCTTGGCGTTCATG

SMVT Forward TACCAGTTCTGCCAGCCACAGTG
Reverse CAGGGACACCAAAACCTCCCTCT

B(0, + ) Forward AGCCGAGGGAGTGAACCATG
Reverse GGACCAGTTACCACGGTCCT
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(698 bp) corresponding to the amplified B (0, + ) precursor
mRNA in Y-79 (Fig. 1A) and ARPE-19 cells (Fig. 1B) was ob-
served in gel electrophoresis. BLAST analysis showed that the
primers used in this study can result in a PCR product of
698 bp by binding to the B (0, + ) precursor mRNA.

qPCR analysis

qPCR analysis was performed to compare the mRNA
levels of FR-a, SMVT, and B (0, + ) in Y-79 and ARPE-19 cells.
FR-a expression at mRNA level was found to be 3 times
higher in Y-79 than ARPE-19 cells. SMVT mRNA expression
level was 6-fold higher in Y-79 relative to ARPE-19 cells.
B (0, + ) expression at mRNA level was found to be 17 times
higher in Y-79 than ARPE-19 cells. These results clearly in-
dicate the elevated expression of FR-a, SMVT, and B (0, + ) in
Y-79 relative to ARPE-19 cells (Fig. 2).

Quantitative uptake of [3H] Folic acid, [3H] Biotin,
and [14C] Arginine

Uptake of [3H] Folic acid in Y-79 cells was found to be
significantly higher compared to ARPE-19 cells. This could
be due to high expression of FR-a in Y-79 cells than ARPE-
19 cells Uptake of [3H] Biotin in ARPE-19 cells was also found

to be significantly lower relative to Y-79 cells. This result
indicates robust expression of SMVT in Y-79 than ARPE-
19 cells. Similarly uptake of [14C] Arginine in Y-79 cells was
found to be significantly higher relative to ARPE-19 cells.
This observation indicates high expression of B (0, + ) in Y-
79 cells than ARPE-19 retinal cells (Fig. 3).

Concentration dependency of folic acid

Uptake kinetics of a carrier-mediated system for folic acid
in Y-79 cells was determined earlier from our laboratory19 by
evaluating the saturation kinetics of [3H] Folic acid in the
presence of unlabeled folic acid. After fitting the data to
Michaelis–Menten equation, an uptake process with appar-
ent Km of 0.0083mM and Vmax of 0.39 pmol/min/mg protein
was obtained (Fig. 4A). Uptake kinetics of carrier-mediated
system for folic acid in ARPE-19 cells was determined by
evaluating the saturation kinetics of [3H] Folic acid in the
presence of unlabeled folic acid. After fitting the data to
Michaelis–Menten equation, an uptake process with appar-
ent Km of 0.08 mM and Vmax of 0.49 pmol/min/mg protein
was observed (Fig. 4B).

Concentration dependency of biotin

Uptake kinetics of a carrier-mediated system for biotin in
Y-79 cells was determined earlier from our laboratory17 by

FIG. 1. (A) Molecular identity of B (0, + ), FR-a, and SMVT in
Y-79 cells at the mRNA level. PCR product obtained using B
(0, + )-, FR-a-, and SMVT-specific primers. Lane 1 represents
100-bp DNA ladder. Major bands were shown at *698 (lane
2), *396 (lane 3), and *774 (lane 4) corresponding to the
amplified B (0, + ), FR-a, and SMVT cDNA. (B) Molecular
identity of B (0, + ), FR-a, and SMVT in ARPE-19 cells at the
mRNA level. PCR product obtained using FR-a-, SMVT-,
and B (0, + )-specific primers. Lane 1 represents 100-bp DNA
ladder. Major bands were shown at *698 (lane 2), *396
(lane 3), and *774 (lane 4) corresponding to the amplified B
(0, + ), FR-a, and SMVT cDNA. FR-a, folate receptor-alpha;
SMVT, sodium-dependent multivitamin transporter; PCR,
polymerase chain reaction.

FIG. 2. Relative fold expression of FR-a, SMVT, and B (0, + )

in ARPE-19 and Y-79 by quantitative real-time PCR analysis.

FIG. 3. Quantitative uptake of [3H] Folic acid, [3H] Biotin,
and [14C] Arginine in ARPE-19 and Y-79 cells.
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evaluating saturation kinetics of [3H] Biotin in the presence
of unlabeled biotin. After fitting the data to Michaelis–
Menten equation, an uptake process with apparent Km of
8.53 mM and Vmax of 14.12 pmol/min/mg protein was ob-
tained (Fig. 5A). Uptake kinetics of a carrier-mediated system
for biotin in ARPE-19 cells was determined earlier from our
laboratory20 by evaluating saturation kinetics of [3H] Biotin
in the presence of unlabeled biotin. After fitting the data to
Michaelis–Menten equation, an uptake process with appar-
ent Km of 138.25mM and Vmax of 38.85 pmol/min/mg protein
was obtained (Fig. 5B).

Concentration dependency of arginine

Uptake kinetics of a carrier-mediated system for arginine
in the Y-79 cells was determined by evaluating the uptake
kinetics of [14C] Arginine in the presence of unlabeled argi-
nine. After fitting the data to Michaelis–Menten equation, an
uptake process with apparent Km of 16.77mM and Vmax of
348.27 pmol/min/mg protein was obtained (Fig. 6A). Up-

take kinetics of a carrier-mediated system for arginine in the
ARPE-19 cells was determined by evaluating the saturation
kinetics of [14C] Arginine in the presence of unlabeled argi-
nine. After fitting the data to Michaelis–Menten equation, an
uptake process with apparent Km of 52.03mM and Vmax of
379.21 pmol/min/mg protein was observed (Fig. 6B).

Discussion

Selective targeting reduces the minimum effective dose as
well as associated toxicity and also enhances the therapeutic
efficacy with equivalent plasma concentrations.21,22 Over-
expression of vitamin and amino acid transporters/recep-
tors, by a variety of tumor cell lines, may present an
opportunity for targeted delivery of anticancer drugs for the
treatment of various malignancies and diagnostic imaging.
Most chemotherapeutic agents fail to enter tumor cells in
therapeutic concentrations due to presence of efflux pumps
(P-glycoprotein, MDR-associated protein, lung resistance-
related protein, and BCRP).3 Vitamins and amino acids as

FIG. 4. (A) Uptake of [3H] Folic acid by Y-79 cells as a function of substrate concentration at 37�C, pH 7.4. Reproduced with
permission from Kansara et al.19 (B) Uptake of [3H] Folic acid by ARPE-19 cells as a function of substrate concentration at
37�C, pH 7.4. Each data point represents the mean – SD of 4–6 separate uptake determinations.

FIG. 5. (A) Uptake of [3H] Biotin by Y-79 cells as a function of substrate concentration at 37�C, pH 7.4. Each data point
represents the mean – SD of 4–6 separate uptake determinations. Modified with permission from Kansara et al.17 (B) Uptake
of [3H] Biotin by ARPE-19 cells as a function of substrate concentration at 37�C, pH 7.4. Each data point represents the
mean – SD of 4–6 separate uptake determinations. Reproduced with permission from Janoria et al.20
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targeting moieties offer prospective advantages than mac-
romolecules such as antibodies. These include the following:
(a) small molecular size of the targeting moiety offers fa-
vorable pharmacokinetic properties and decreased proba-
bility of immunological reactions, which allows chronic
administration; (b) low cost and availability; (c) high affinity
for receptors; (d) ligand can be internalized into tumor cells
by endocytosis, which aids in cytosolic delivery of thera-
peutic agents; and (e) high frequency of expression among
cancer cell lines with potential for future therapeutic and
diagnostic applications.23

Human retina is a delicate organization of neurons, glia,
and nourishing blood vessels. Biotin, an essential water-
soluble vitamin, appears to play a critical role in cellular
homeostasis and pathological conditions of retina including
RB. SMVT expressed on the retina maybe targeted following
systemic and intravitreal administration to generate en-
hanced drug availability in the RPE, choroids, and Bruch’s
membrane. Amino acid transporters are widely expressed
and contribute to uptake of neurotransmitters and nutri-
ents.24 B (0, + ) is a sodium-dependent neutral and cationic
amino acid transporter. It transports over 20 proteinogenic
amino acids. This transporter has the ability to translocate
amino acids in their L-isomeric form and some in their D-
isomeric form. The protein acts in an energy-dependent
manner. This requires a combination of Na + and Cl -

transmembrane gradient and membrane potential. The
transporter can concentrate substrates 1000-fold more inside
cells.25 In addition to its amino acid transport, it can also
transport carnitine, D-serine, NOS (nitric oxide synthase)
inhibitors, conjugated drugs, and prodrugs. This property
makes it unique among amino acid transporters.26 Further-
more, structural requirements for translocation are not very
stringent. An absence of negative charge on the side chain of
the amino acid is the only structural requirement. It is highly
expressed in lung, colon, and ocular tissues.27,28 These factors
together offer a broad choice for the design of prodrugs.

The aim of this study was to evaluate the expression of FR-
a, SMVT, and B (0, + ) carrier systems in Y-79 cells relative to
ARPE-19 cells. Y-79 cell line was selected as a model system
as it is derived from a tumor of the inner plexiform layer of

the retina and has several membrane properties of the
retina.29 ARPE-19 cell line is yet another widely used human
origin retinal cell line. ARPE-19 cells are similar to RPE in
terms of epithelial morphology, polarization, and expression
of various ion channels, transporters, and RPE-specific
markers.20,30,31 RT-PCR analysis provided the preliminary
evidence of the molecular expression of FR-a, SMVT, and B
(0, + ) carrier systems in ARPE-19 and Y-79 cells. This was
further confirmed by qPCR that allows the quantification of
gene expression. Quantitative uptake of [3H] Folic acid, [3H]
Biotin, and [14C] Arginine was significantly higher in Y-
79 cells as compared with ARPE-19 cells. This could be at-
tributed to the higher expression of FR-a, SMVT, and B (0, + )

carrier systems in Y-79 cells than that of ARPE-19 cells.
Tumor cells require a constant supply of nutrients for their
uninterrupted growth and in order to facilitate the transport
of nutrients, they express higher levels of nutrient trans-
porters.32 Saturation kinetics of [3H] Folic acid, [3H] Biotin,
and [14C] Arginine was studied by performing the uptake
in presence of various concentrations of unlabeled cold
substrates. [3H] Folic acid uptake process followed sat-
uration kinetics with apparent Km of 8.29 nM and Vmax

of 393.47 fmol/min/mg protein in Y-79 cells and Km of
80.55 nM and Vmax of 491.86 fmol/min/mg protein in ARPE-
19 cells. [3H] Biotin uptake process also displayed saturation
kinetics with Km of 8.53 mM and Vmax of 14.12 pmol/min/mg
protein in Y-79 cells and Km of 138.25mM and Vmax of
38.85 pmol/min/mg protein in ARPE-19 cells. [14C] Arginine
uptake process followed saturation kinetics with Km of
16.77 mM and Vmax of 348.27 pmol/min/mg protein in Y-
79 cells and Km of 52.03mM and Vmax of 379.21 pmol/min/
mg protein in ARPE-19 cells. These results provide addi-
tional support for the presence and higher expression of FR-
a, SMVT, and B (0, + ) carrier systems in Y-79 cells. Vmax and
Km are the 2 important parameters that define the functional
and kinetic behavior of a transporter protein as a function of
substrate concentrations. Km value represents the strength
of binding and affinity of substrates. Km value depends
on several factors including substrate concentration, tem-
perature, and pH. Km is a measure of apparent binding affinity
of the respective substrate toward the transporter. Low Km

FIG. 6. (A) Uptake of [14C] Arginine by Y-79 cells as a function of substrate concentration at 37�C, pH 7.4. (B) Uptake of
[14C] Arginine by ARPE-19 cells as a function of substrate concentration at 37�C, pH 7.4. Each data point represents the
mean – SD of 4–6 separate uptake determinations.
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value indicates a tightly bound substrate, while loosely bound
substrates have high Km values. Vmax depends on the structure
and concentration of the transporter protein and is a measure
of the drug translocation capacity of the carrier system. Based
on the saturation kinetics, the Km values of [3H] Folic acid,
[3H] Biotin, and [14C] Arginine were found to be relatively
lower in Y-79 cells, indicating the higher binding strength and
affinity of substrates in cancerous cells. All of the results tend
to suggest that FR-a, SMVT, and B (0, + ) are overexpressed in
Y-79 than ARPE-19 cells. Enhanced expression of such trans-
porters and receptors on Y-79 cells may provide new oppor-
tunities for transporter-targeted prodrug design for enhanced
drug delivery to treat RB.

Conclusion

In conclusion, this is the first study showing the differential
expression of specialized FR-a, SMVT, and B (0, + ) carrier
systems in Y-79 relative to ARPE-19 cells. Higher expression
levels of FR-a, SMVT, and B(0, + ) carrier systems on RB cells
may be suitable for the design of surface-modified nano-
particles and transporter-targeted prodrugs to achieve en-
hanced permeability of highly potent, but poorly bioavailable,
drugs. A small increase in ocular bioavailability could signif-
icantly increase the therapeutic response of drugs.
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