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Abstract a2-Macroglobulin receptor/low-density lipoprotein receptor-related protein is a multifunctional cell
surface receptor known to bind and internalize a large number of ligands. a2-Macroglobulin receptor-associated protein
acts as an intracellular ‘‘chaperone’’ for this receptor, and it has been shown to inhibit binding of all its known ligands. In
this paper, we characterize the expression of the receptor-associated protein in both normal human epidermal
melanocytes and in six different human melanoma cell lines, by the use of flow cytometry and Western blotting analysis.
We show that all the melanoma cell lines and the normal melanocytes express the receptor-associated protein at similar
levels, with most located intracellularly. No receptor-associated protein was detected at the cell surface in the
melanocytes or in three of the cell lines. However, in two of the melanoma cell lines, large amounts of receptor-
associated protein were found on the cell surface, these having the largest amounts of it reported to date; in a further
melanoma cell line, there was a small amount at the cell surface. We have also shown that the melanocytes and all the
melanoma cell lines express the receptor itself at a wide range of levels, the highest levels of both the cell surface
receptor and the cell surface receptor-associated protein being found in one particular melanoma cell line. By growing
the cell lines under controlled conditions, we have demonstrated that, although the total cellular content of the receptor
is markedly increased at high cell culture density, this treatment has no effect on the level of expression of the
receptor-associated protein. J. Cell. Biochem. 71:149–157, 1998. r 1998 Wiley-Liss, Inc.
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a2-Macroglobulin receptor/low-density lipo-
protein receptor-related protein (a2MR/LRP) is
a member of the low-density lipoprotein recep-
tor (LDLR) family which, as well as LDLR
itself, includes a2MR/LRP, glycoprotein 330
(gp330), the very-low-density lipoprotein recep-
tor (VLDLR) [Krieger and Herz, 1994; Moes-
trup, 1994], apolipoprotein E receptor-2
(apoER2) [Kim et al., 1996], and LR8B, which is
closely related to apoER2 [Novak et al., 1996].
a2MR/LRP is synthesized as a 600-kDa single-
chain precursor that undergoes post-transla-
tional proteolytic processing to form a Mr 515-
kDa heavy chain and a Mr 85-kDa light chain

[Herz et al., 1988, 1990]. The light chain in-
cludes a transmembrane domain [Herz et al.,
1990], and it is bound to the heavy chain by
nonconvalent interactions. The heavy chain has
binding sites for a number of structurally and
functionally diverse ligands, including prote-
ases, protease inhibitors, and lipoprotein par-
ticles [Krieger and Herz, 1994; Moestrup, 1994].

a2-Macroglobulin receptor-associated protein
(RAP) is a 39-kDa polypeptide that is co-
purified with a2MR/LRP [Jensen et al., 1989;
Ashcom et al., 1990; Moestrup et al., 1991] and
with gp330 [Orlando et al., 1992; Kounnas et
al., 1992]. RAP binds with high affinity to a2MR/
LRP [Herz et al., 1991]; it also binds to gp330
[Christensen et al., 1992; Kounnas et al., 1992],
to VLDLR [Simonsen et al., 1994; Battay et al.,
1994] and to LDLR, but with lower affinity to
the latter [Mokuno et al., 1994; Medh et al.,
1995]. Studies have demonstrated that RAP is
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able to inhibit the binding of all known ligands
of the LDLR family members [Krieger and Herz,
1994; Moestrup, 1994].

The expression and distribution of RAP on
human tissues has not been extensively stud-
ied. RAP is known to co-purify with a2MR/LRP
from human liver [Moestrup et al., 1991] and
placenta [Jensen et al., 1989; Ashcom et al.,
1990] and with gp330 from rat kidney [Orlando
et al., 1992; Kounnas et al., 1992]. In the rat,
RAP is found in all cells that express a2MR/
LRP or gp330 [Zheng et al., 1994].

Although the presence of RAP at the cell
surface remains controversial, many studies
indicate that RAP resides predominantly in the
endoplasmic reticulum (ER) and in the Golgi
complex [Orlando et al., 1992; Lundstorm et al.,
1993; Bu et al., 1994] and it serves as a chaper-
one for a2MR/LRP [Bu et al., 1995; Willnow et
al., 1995, 1996; Bu and Rennke, 1996; Obermoel-
ler et al., 1997]. It has been shown that RAP
functions as a regulator of a2MR/LRP activity
by transiently interacting with it and maintain-
ing it in an inactive, non-ligand-binding state
while it is in the ER. When RAP dissociates
from a2MR/LRP in response to the lower pH
within the Golgi, the a2MR/LRP becomes active
as it is transported to the cell surface [Bu et al.,
1995; Willnow et al., 1996]. Other studies sug-
gest that RAP is also required for the process of
folding the a2MR/LRP protein to assume its
tertiary configuration by preventing the forma-
tion of intermolecular disulfide bonds [Bu and
Rennke, 1996]. The importance of RAP in the
maturation and trafficking of a2MR/LRP has
been demonstrated by gene-knockout studies
[Willnow et al., 1995], which have shown that
cells lacking RAP suffer a 75% reduction of
functional a2MR/LRP.

Little is known about RAP expression in hu-
man tumor cell lines or in human tumor tis-
sues. Co-location of RAP and a2MR/LRP has
been described for glioblastoma cells [Bu et al.,
1994]. It has been reported that RAP and a2MR/
LRP are co-located in human melanoma cell
lines, and that RAP mRNA and protein are
expressed at corresponding levels intracellu-
larly, with no cell surface expression in vitro.
This study has also shown that they are coordi-
nately expressed in a decreasing fashion in
cutaneous melanocytic tumor progression in
vivo [de Vries et al., 1996]. In human prostate
carcinoma, the levels of RAP mRNA remain
constant, whereas the a2MR/LRP mRNA in-

creases significantly in high Gleason score car-
cinoma and in metastatic lesions [McGarvey et
al., 1996]. In human hepatoma cell line HepG2,
where dexamethasone up-regulates a2MR/LRP,
there is no effect on RAP expression [Kancha et
al., 1996].

We have previously demonstrated that hu-
man melanoma cell lines express cell surface
a2MR/LRP [Li et al., 1997a]. In this report, we
characterize the expression of RAP in both hu-
man melanoma cell lines and normal human
epidermal melanocytes.

METHODS
Cell Culture

The human melanoma cell lines MM96L,
MM138, MM253c1, MM370, MM418c1, and
A2058, and the normal human neonatal fore-
skin fibroblasts cell line NFF were kindly sup-
plied by Dr. P.G. Parsons (Queensland Institute
of Medical Research, Brisbane, Queensland,
Australia). NFF was used as a positive control
for RAP and a2MR/LRP. All the tumor cell lines
and NFF were cultured in RPMI-1640 (Sigma
Chemical Co., St. Louis, MO) supplemented
with 10% heat-inactivated fetal bovine serum
(FBS) (CSL-Novo, North Rocks, NSW, Austra-
lia), 6 mM L-glutamine (Sigma), 20 mM HEPES
(Sigma), 100 U/ml penicillin G, and 100 µg/ml
streptomycin sulfate (Sigma) at 37°C in an at-
mosphere of 5% CO2. Cells were passaged rou-
tinely every 3–5 days at about 80–90% conflu-
ency. The cells were briefly treated with 0.05%
trypsin/0.02% EDTA (Sigma) in calcium and
magnesium–free Hank’s balanced salt solution
(HBSS).

The normal human epidermal melanocytes
(NHEM) were obtained from Clonetics (San
Diego, CA). NHEM were cultured as recom-
mended by the supplier in melanocyte growth
medium (MGM) containing 15 µg/ml bovine
pituitary extract, 1 ng/ml human fibroblast
growth factor-B, 5 µg/ml bovine insulin, 10
ng/ml phorbol 12-myristate 13-acetate (PMA),
0.5 µg/ml hydrocortisone, 50 µg/ml gentamicin
sulfate, and 0.5% FBS. The cells were incu-
bated at 37°C in an atmosphere of 5% CO2,
changing the medium every other day, and sub-
culturing the cells when they reached 70–80%
confluency.

Antibodies

The mouse monoclonal IgG1 antibody to hu-
man RAP (7F1) was purchased from Research
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Diagnostics (Flanders, NJ). 7F1 reacts with the
39-kDa RAP protein and has been used in li-
gand binding assays, Western blotting, and im-
munohistochemistry [Kounnas et al., 1992]. The
rabbit polyclonal antiserum against RAP was
generously provided by Dr. Alan Schwartz (De-
partment of Paediatrics, Washington Univer-
sity School of Medicine, St. Louis, MO); it has
previously been used in immunohistochemistry
and flow cytometry [Bu et al., 1994; de Vries et
al., 1996].

The mouse monoclonal IgG1 antibody to hu-
man a2MR/LRP (8G1) was kindly provided by
Dr. Dudley Strickland (American Red Cross,
Rockville, MD). This antibody is specific for the
515-kDa heavy chain of a2MR/LRP; it has been
well characterized for use in immunohistochem-
istry, Western blotting, and flow cytometry
[Strickland et al., 1990; Coukos et al., 1994;
Lopes et al., 1994; Li et al., 1997a].

RAP Determination by Flow Cytometry

To determine total cellular RAP expression,
the target cells must be fixed and made perme-
able to antibodies. For this, suspensions of ,1 3
107 cells in 50 µl of phosphate-buffered saline
(PBS)/FBS (PBS containing 1.5% heat-inacti-
vated FBS and 0.1% sodium azide) were treated
with fluorescence-activated cell sorting (FACS)
permeabilizing solution (Permeafix; Becton
Dickinson, San Jose, CA) adding 500 µl to each
aliquot with gentle mixing and incubating at
room temperature for 8 min in the dark. The
cells were washed by centrifugation at 200g for
5 min in 2 ml PBS/FBS/1% saponin (Sigma) and
incubated with 50 µl 7F1. Further samples
were incubated with the same amount of a
monoclonal IgG1 isotype control of unrelated
specificity. The cells were then washed with
PBS/FBS/1% saponin, and incubated with 50 µl
of the 1:12.5 diluted secondary antibody, goat
anti-mouse IgFITC, in the dark at 4°C for 45
min. After washing, the cells were analyzed by
FACScan flow cytometry using a 488-nm argon
laser at predetermined instrument settings. Cell
debris was excluded on the basis of its forward
scatter (FSC) and side scatter (SSC) properties,
and a sample of 10,000 cells was recorded for
each suspension. Median fluorescence (FITC)
values were determined from the FL1 histo-
gram for unstained (isotype control) and stained
cells, and the number of RAP per cell were
evaluated from the standardized Quantum Sim-
ply Cellular bead (QSC; Flow Cytometry Stan-

dards Corp., San Juan, Puerto Rico) calibration
plot (Zagursky et al., 1995; Li et al., 1997a). The
bead standards consist of four populations of
microbeads coated with goat anti-mouse anti-
body that bind different numbers of mouse IgG
monoclonal antibody molecules (8,857, 20,094,
73,915, and 206,086 molecule binding capacity)
and a blank population. QSC beads were stained
in the same way as the tumor cells. A histogram
of green fluorescence (FL1) was produced for
the gated data and each peak of fluorescence
corresponding to bead type was identified by
histogram markers. The peak fluorescence chan-
nel number was taken, and a regression curve
of channel number against binding capacity
was constructed. A regression equation for the
curve was calculated using Quickcal, the cali-
bration software provided with the beads.

For cell surface RAP analysis, 50 µl of each
cell suspension in PBS/FBS was incubated with
50 µl 7F1 at 4°C for 45 min. Further samples
were incubated with the same amount of the
monoclonal IgG1 isotype control. The cells were
washed with PBS/FBS, incubated with goat
anti-mouse IgFITC, and analyzed by FACScan
flow cytometry at the predetermined RAP in-
strument settings. The number of cell surface
RAP per cell were evaluated from the standard-
ized QSC beads as described for total cellular
RAP.

Cell Surface a2MR/LRP Determination
by Flow Cytometry

Cell surface a2MR/LRP was measured using
a quantitative cytofluorimetric method similar
to that for RAP, which has been described in an
earlier report [Li et al., 1997a].

Western Blotting Analysis RAP and a2MR/LRP

Tumor cells cultured in T-80 flasks were
washed three times with cold HBSS, detached
using a disposable cell scraper (Costar, Cam-
bridge, MA), and collected by centrifugation for
5 min at 500g. The cells were lysed in 125 mM
NaCl, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1
mM phenylmethylsulfonyl fluoride (PMSF;
Sigma), 5 µg/ml leupeptin (Sigma), 5 µg/ml
aprotinin (Sigma), and 1% Triton X-100 (Bio-
Rad, Hercules, CA); nonsolubilized material was
removed by centrifugation for 10 min at 6,000g.
Equal quantities of protein (30 µg for a2MR/
LRP, 10 µg for RAP) were subjected to 7 % (for
a2MR/LRP) or 10 % (for RAP) sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) under nonreducing conditions. The
proteins were electrotransferred to nitrocellu-
lose membrane (Bio-Rad) using a transfer buffer
of 20 mM Tris-HCl, 192 mM glycine pH 8.3 in
20% methanol. Blotted membranes were
blocked with 5% nonfat milk in this buffer with
0.1% Tween-20 for 60 min at room temperature,
and incubated with rabbit polyclonal anti-RAP
serum or anti-a2MR/LRP monoclonal antibody
(MAb) 8G1 for 60 min at 37°C. The membranes
were then washed and incubated with horserad-
ish peroxidase (HRP)-conjugated goat anti-
rabbit or goat anti-mouse IgG (H1L) (Bio-Rad)
at room temperature for 60 min. The immunore-
active proteins were detected using the ECL
system (Amersham Life Science, Little Chal-
font, England).

RESULTS
Cell Surface and Total Cellular RAP Expression

All the tumor cell lines were seeded at the
same initial density of 2 x104 cells/cm2, cultured
for 4 days, and their RAP expression analyzed
by flow cytometry. For NHEM (doubling time
,100 h), cells were seeded at a density of 2 3
104 cells/cm2, and harvested at 70–80% conflu-
ency. To estimate the total cellular expression
of RAP (i.e., cell surface plus cytoplasmic expres-
sion), the cultured cells were permeabilized and
fixed before antibody labeling. For cell surface
RAP, living cells were used, and since the anti-
RAP monoclonal 7F1 cannot penetrate their
cell membrane when alive, only cell surface
RAP was labeled. Flow cytometric analysis of
permeabilized and stained cells showed that all
the cell lines including NHEM expressed RAP
(Fig. 1). Most RAP was detected intracellularly
in all the cell lines, whereas strong staining of
cell surface RAP was also seen in MM370 and
MM253c1.

Using QSC microbeads, the mean numbers of
cell surface and total cellular RAP were calcu-
lated from their fluorescence intensities (Ta-
ble I). All the melanoma cells and NHEM ex-
pressed total cellular RAP at similar levels,
ranging from ,21,000 to ,55,000 sites per cell.
MM253c1 had large numbers of RAP compared
with the other cell lines. Cell surface RAP on
NFF, NHEM, and melanoma cell lines MM96L,
MM418c1, and A2058 were from 0 to 260 sites
per cell, and below the detection threshold of
flow cytometry. However, the melanoma cell
lines MM138, MM253c1, and MM370 had de-

tectable cell surface RAP, ranging from ,900 to
,4,400 sites per cell.

RAP Co-Expressed With a2MR/LRP

We have recently reported that the five mela-
noma cell lines, MM370, MM138, A2058,
MM253c1, and MM418c1, express cell surface
a2MR/LRP at a wide range of levels [Li et al.,
1997a] and that cell culture density up-regu-
lates expression of this receptor in the breast
cancer cell line BT-20 [Li et al., 1997b]. To
eliminate the effect of cell culture density on
a2MR/LRP expression on the cell lines in this
work, all the cell lines were cultured under the
same conditions as for RAP analysis. As shown
in Table I, all the cell lines expressed cell sur-
face a2MR/LRP, although the levels of cell sur-
face a2MR/LRP varied widely ranging from
,770 to ,9,000 sites per cell. The highest level
of cell surface a2MR/LRP was found in MM370,
and this cell line also had high levels of cell
surface RAP. However, the levels of total cellu-
lar RAP appeared to be unrelated to cell surface
a2MR/LRP expression. As shown in Table I,
NHEM expressed cell surface a2MR/LRP at
,1,000 sites per cell, a level similar to that of
MM96L and A2058, and lower than other mela-
noma cell lines.

Western blot analysis of lysates from the cell
lines was conducted using polyclonal rabbit anti-
RAP serum and the anti-a2MR/LRP MAb 8G1.
Figure 2 shows the results of Western blot
analysis of NHEM and the melanoma cell lines,
and demonstrate the presence of RAP and
a2MR/LRP in a pattern in agreement with the
flow cytometry measurements.

Cell Culture Density Effect on RAP
and a2MR/LRP Expression

A recent study [Li et al., 1997b] has shown
that expression of a2MR/LRP is cell culture
density-dependent in breast cancer cell line
BT-20. To examine whether cell culture density
affects RAP as well as a2MR/LRP expression in
melanoma cells, Western blot analysis was per-
formed on two melanoma cell lines, A2058 and
MM370. As shown in Figure 3, the total cellular
a2MR/LRP expression in human melanoma cell
lines MM370 and A2058 was markedly in-
creased at high cell culture density, while no
difference was detected in the total cellular
RAP expression between these conditions in
any of the cell lines. These results suggest that
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Fig. 1. Flow cytometric analysis of RAP. RAP-positive cell line
NFF and melanoma cell lines were plated at the initial density of
2.0 3 104 cells/cm2, and incubated for 4 days. NHEM was
plated at the same initial density as above, but harvested at
,80% confluence (doubling time ,100 h). Cell surface and

total cellular RAP was determined as described under Methods.
Signals were obtained by using isotype-matched antibody
control IgG1 (thin curve), and RAP monoclonal antibody 7F1
(1 µg/ml) (thick curve).
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the effect of high cell culture density causing an
increase in the level of a2MR/LRP expression
may be a phenomenon common to many cell
lines, and the a2MR/LRP regulation is unre-
lated to the level of RAP expression.

DISCUSSION

In this study, we investigated the cell surface
and total cellular expression of RAP using a
simple and reliable quantitative cytofluorimet-
ric technique. Previous reported techniques for
cellular antigen detection used either immuno-
enzymatic methods or immunofluorescence. The
immunoenzymatic methods, based most fre-
quently on alkaline phosphatase, peroxidase,
and avidin-biotin complexes, are mainly em-
ployed for immunohistology, where both mem-
brane and intracellular antigens are detected
but cannot be reliably differentiated. Instead,

we have used immunofluorescence, which is the
method of choice for investigating membrane
antigens in cell suspension. The main advan-
tage of immunofluorescence is that the analysis
can be performed by flow cytometry, which al-
lows the rapid automated investigation of large
numbers of cells.

Some years ago, the first methods for flow
cytometric detection of intracellular antigens
were described [Slaper-Cortenbach et al., 1988;
Gore et al., 1990; Drach et al., 1991]. More
recently, simple methods have been described
which use a commercial fixation/permeabiliza-
tion solution [Pizzolo, 1994; Elson et al., 1995;
Openshaw et al., 1995; Picker et al., 1995; Fran-
cis and Connelly, 1996] for detection of intracel-
lular antigens. We have used one such product,
FACS permeabilizing solution, in conjunction
with 1% saponin for fixation and permeabiliza-

TABLE I. Number of a2MR/LRP and RAP in NHEM and Melanoma Cell Linesa

Cell line

Mean number
of calculated

a2MR/LRP per cell

Mean number of
calculated RAP per cell

Surface/
total

RAP (%)Cell surface Total cellular

A2058 767 6 163 260 6 60 26,545 6 2,400 0.98
MM96L 1,148 6 257 54 6 48 23,426 6 2,871 0.23
MM418c1 2,400 6 208 0 6 0 37,629 6 3,311 0
MM138 3,145 6 118 882 6 238 21,094 6 764 4.18
MM253c1 3,689 6 256 3,187 6 720 54,907 6 7,150 5.8
MM370 8,977 6 1,245 4,355 6 2,110 39,706 6 4,188 10.97
NHEM 1,027 6 537 0 6 0 45,105 6 6,707 0
NFF 13,651 6 283 0 6 0 52,914 6 2,815 0

aAll cell lines were cultured and analyzed under the conditions described in Figure 1. The number of cell surface a2MR/LRP
per cell and the numbers of RAP per cell (surface or total cellular) were evaluated from QSC as described in Materials and
Methods. The data shown are the mean 6 SD from 4–9 determinations. The minimum detection thresholds are 72 for cell
surface a2MR/LRP, 600 for cell surface RAP, and 1,019 for total cellular RAP.

Fig. 2. Western blot analysis of RAP and a2MR/LRP in NHEM
and melanoma cell lines. NFF and melanoma cell lines were
cultured under the conditions described in Figure 1. a2MR/LRP
515 kDa and RAP in total cell lysates were detected by Western

blot analysis as described under Methods. Lane 1, MM253c1;
lane 2, MM96L; lane 3, MM418c1; lane 4, MM370; lane 5,
A2058; lane 6, MM138; lanes 7,9, NFF; lane 8, NHEM.
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tion. This allows a monoclonal antibody against
RAP (7F1) to bind intracellular as well as cell
surface RAP. For cell surface RAP, living cells
(which are impervious to antibodies) were used,
so that only binding of 7F1 to cell surface RAP
would be measured.

Using this method, the present study clearly
demonstrated that all the cell lines examined
express RAP, of which by far the majority is
intracellular. This result is in agreement with
other reports [Strickland et al., 1991; Lund-
strom et al., 1993; Orlando and Farquhar, 1993;
Bu et al., 1994]. Indeed, using immunogold
labeled sections, Bu et al. [1994] have shown
that 94% of RAP in a human glioblastoma cell
line (which expresses both a2MR/LRP and RAP)
is present in the endoplasmic reticulum (ER)
and Golgi compartments, with only 2% of the
total RAP being found on the cell surface. This
is not unexpected, as the cDNA-deduced RAP
sequence includes the putative endoplasmic C-
terminal retention sequence HNEL [Strickland
et al., 1991], which has been demonstrated to
mediate this ER retention [Bu et al., 1995].
This fact alone would suggest that most of the
RAP would be retained inside the cell.

Curiously, however, our results indicate that
three melanoma cell lines express significant
amounts of cell surface RAP, with two
(MM253c1 and MM370) expressing the highest
amounts of cell surface RAP reported to date. In
the case of MM370, around 11% of total cellular
RAP was found on the cell surface. The reason
for such high levels on the cell surface is un-
known.

It has been proposed that RAP acts intracel-
lularly as a chaperone within the ER and Golgi,
preventing the binding of ligands to a2MR/LRP.
Given this, one might expect some linkage be-
tween a2MR/LRP activity and RAP expression.
Our results indicate that the levels of RAP
expression are relatively constant and seem to
be unrelated to a2MR/LRP expression. Cell cul-
ture density also had no effect on RAP expres-
sion, although it up-regulated a2MR/LRP ex-
pression in breast cancer [Li et al. 1997b] and
melanoma cell lines (MM370 and A2058).

More recently, there has been growing evi-
dence to show that RAP binds to other ligands.
Two additional RAP binding receptors have been
identified which are designated as sorLA-1 and
Gp95/sortilin [Jacobsen et al., 1996; Petersen et
al., 1997]. In addition, Petersen et al. [1996]
report that RAP is phosphorylated in vivo and
can be phosphorylated/dephosphorylated in a
calmodulin-dependent manner. This finding not
only argues for post-translational regulation of
RAP function but also implies that functional
RAP must be present in cellular compartments
other than the ER and Golgi.

All these observations suggest that RAP may
be involved in as yet unidentified physiological
functions. It may be that the high level of RAP
expression on the cell surface of MM370 cells
offers the potential for examining one of these
roles.
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