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Protein production within the secretory pathway is accom-
plished by complex but organized processes. Here, we demon-
strate that the growth factor midkine interacts with LDL recep-
tor-related protein 1 (LRP1) at high affinity (K, value, 2.7 nm)
not only at the cell surface but also within the secretory pathway
during biosynthesis. The latter premature ligand-receptor
interaction resulted in aggregate formation and consequently
suppressed midkine secretion and LRP1 maturation. We uti-
lized an endoplasmic reticulum (ER) retrieval signal and an
LRP1 fragment, which strongly bound to midkine and the LRP1-
specialized chaperone receptor-associated protein (RAP), to
construct an ER trapper. The ER trapper efficiently trapped
midkine and RAP and mimicked the premature ligand-receptor
interaction, i.e. suppressed maturation of the ligand and recep-
tor. The ER trapper also diminished the inhibitory function of
LRP1 on platelet-derived growth factor-mediated cell migra-
tion. Complementary to these results, an increased expression
of RAP was closely associated with midkine expression in
human colorectal carcinomas (33 of 39 cases examined). Our
results suggest that the premature ligand-receptor interaction
plays a role in protein production within the secretory pathway.

Protein production within the secretory pathway is tightly
regulated by complex but organized processes, which include
folding in the endoplasmic reticulum (ER),* glycosylation, and
vesicular transport to the cell surface through the ER and Golgi
apparatus. Although these processes play important roles in
quality control and maturation of proteins, it is not fully under-
stood how production of proteins in the secretory pathway is
regulated. This regulation mechanism is also important to
understand some diseases, as disorganized production of
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growth factors can be causative events in some pathological
conditions, such as cancer (1). A fundamental question yet to be
carefully addressed is whether a ligand and its receptor come
into contact during their biosyntheses. To address this, we
focused on two molecules in the present study, the growth fac-
tor midkine (MK) and its receptor low density lipoprotein
(LDL) receptor-related protein 1 (LRP1).

MK is a heparin-binding growth factor, which was originally
discovered as the product of a retinoic acid-responsive gene (2,
3). MK and pleiotrophin/heparin-binding growth-associated
molecule form a family distinct from other heparin-binding
growth factor families (4—6). MK plays important biological
roles mainly in four areas, i.e. cancer, inflammation, neuro- and
myocardioprotection, and hypertension. To date, the biological
functions in which MK has been implicated are all attributable
to the secreted form of MK, and thus exogenous MK reverses
phenotypes observed in MK-deficient mice. For example, MK-
deficient mice are more resistant to vascular restenosis and
hypertension associated with chronic kidney disease, whereas
exogenous MK promotes these pathogeneses (7, 8). It is note-
worthy that not only MK expression in carcinoma tissues but
also the blood MK level is increased in cancer patients (9, 10).
Both the MK expression level and MK blood level are closely
related to clinical outcome (11-13). Furthermore, MK expres-
sion knockdown leads to tumor growth suppression (14, 15).
These data suggest that the MK secreted by cancer cells plays a
critical role in cancer progression.

LRP1 is a large endocytosis receptor belonging to the LDL
receptor family (16). Because LRP1 recognizes many different
ligands, the physiological roles of LRP1 govern a diverse array of
biological functions, including metabolism of lipoproteins and
proteinases, cellular entry of viruses and toxins, activation of
lysosomal enzymes, and neurotransmission. Disruption of the
LRP1 gene is embryonic-lethal, supporting the fundamental
role of LRP1 in development (17). The receptor-associated pro-
tein (RAP) is a specialized ER chaperone for members of the
LDL receptor family (18 —20). Maturation of LRP1 is severely
impaired in RAP-deficient mice, supporting an important role
of RAP in the biosynthesis of LRP1 (20).

LRP1 is a receptor for MK and is required for MK-mediated
cell survival (21, 22). Because MK and LRP1 are produced
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simultaneously in most cancer cell lines, this ligand and recep-
tor are produced in the same secretory pathway. Therefore, this
is a good model to investigate the regulatory mechanism of
protein production in an autocrine secretory pathway. Here, we
developed a new method, ER trapping, which simultaneously
suppressed MK secretion and LRP1 maturation. Utilizing this
and other techniques, we found that MK interacted with LRP1
not only on the cell surface but also in the secretory pathway
during their biosyntheses. We named the latter interaction the
premature ligand-receptor interaction. We found that the pre-
mature ligand-receptor interaction plays a negative regulatory
role in the production of MK and LRP1 within the secretory
pathway. Avoiding this premature interaction may allow cancer
cells to overproduce a growth factor and may be a strategy of
those cells for survival and expansion.

EXPERIMENTAL PROCEDURES

Cells, DNA Constructs, and Antibodies—CHO K1 cells were
cultured in DMEM with 10% fetal bovine serum. TGW cells (a
human neuroblastoma cell line) were cultured in RPMI 1640
medium with 10% fetal bovine serum. CHO-mini-LRP
(mLRP)-I, -mLRP-II, -mLRP-III, -mLRP-IV, and -mLRP-IVm
cells and a series of mLRP expression vectors were generated as
described previously (23—-25). The expression vector for mouse
RAP tagged with the FLAG epitope at the C terminus was con-
structed in pIRES-EGFP (Clontech). The expression vector for
human MK was constructed in pcDNA3.1 (Invitrogen). To gen-
erate an ER expression vector (ER-TRAP) for a peptide that
contained SLRP2N-EGF (25) and the ER retention signal
HNEL, the cDNA encoding this peptide was placed under-
neath the cytomegalovirus promoter of pcDNA3 (Invitro-
gen). Anti-HA and -FLAG antibodies were purchased from
Roche Applied Science and Sigma, respectively. Anti-cal-
nexin and anti-phosphotyrosine (Tyr(P)-100) antibodies
were from Stressgen and Cell Signaling, respectively.

Chemical Cross-linking—Radioiodination of MK was per-
formed as described previously (22). The specific activity
obtained was ~5 X 10” cpm/ug. For chemical cross-linking,
cells were washed with ice-cold phosphate-buffered saline con-
taining calcium and magnesium (PBS+) as well as 0.1% bovine
serum albumin (PBS-BSA), and supplied with 5 ml of ice-cold
DMEM with 10% fetal bovine serum. Cells were then incubated
with *?*I-labeled MK (2 X 107 cpm) at 4 °C for 2 h by gentle
rotation. After washing with PBS-BSA three times and PBS+
once, 5 ml of PBS+ was added. The cross-linking was begun by
adding the water-soluble (BS3; Pierce) or -insoluble (DSS;
Pierce) cross-linker at a final concentration of 0.27 mM and
incubating at 4 °C for 15 min. The reaction was stopped with
detaching buffer (10 mm Tris-HCI (pH 7.5), 10% glycerol, 1 mm
calcium chloride, 1 mm magnesium chloride, and 1 mm PMSE).
Cells were scraped in 500 ul of detaching buffer, collected by
centrifuge, and lysed with 200 ul of lysis buffer (20 mm Tris-HCl
(pH 7.5), 0.6% CHAPS, 150 mm sodium chloride, 1 mM calcium
chloride, 1 mm magnesium chloride, and 1 mm PMSF). For in
vitro cross-linking, 10 ul of protein solution dialyzed against
appropriate buffers was mixed with 2 ul of '**I-labeled MK
(~10 ng) and was incubated at 20 °C for 1 h. Cross-linking was
started by adding 0.2 ul of 20 mm DSS or BS3 and incubating at
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4. °C for 10 min. The reaction was stopped by adding 1 ul of 1 m
Tris-HCI (pH 7.4) and 4.5 pul of Laemmli 4 X sample buffer.

Sucrose Gradient Analysis—Cells grown in a 10-cm dish were
lysed with 0.5 ml of 1% Triton in PBS+ and centrifuged at
15,000 X g at 4 °C for 10 min. The supernatant (0.3 ml) was
layered on a stepwise sucrose gradient (60% 0.5 ml, 25% 1 ml,
20% 1 ml, 10% 1 ml, and 5% 1 ml in 0.1% Triton in PBS+) in a
centrifuge tube (326819 tube; Beckman) and centrifuged at
130,000 X gat 17 °C for 19 h (SW50.1 rotor; Beckman). Frac-
tionation was performed by collecting 7 drops/fraction from
the bottom of the tube.

Sequential Immunoprecipitation—After the first immuno-
precipitation, the immunoprecipitates were suspended in 100
ul of 1% SDS in the lysis buffer, boiled for 3 min, and diluted
with 1 ml of the lysis buffer. This solution was then subjected to
the second immunoprecipitation.

Generation and Purification of MK-TRAP-Fc—The expres-
sion vector for MK-TRAP-Fc was generated in pFUSE-Fc (Invi-
vogen) and transfected into HEK293T cells. After 5 days, the
conditioned media were collected and centrifuged to remove
cellular debris. A 24-ml aliquot of the supernatants was loaded
onto protein G-Sepharose (GE Healthcare) and washed with 30
ml of 20 mm phosphate buffer (pH 7.0). The bound fraction was
eluted with 3.6 ml of 100 mm glycine HCI (pH 3.0) and neutral-
ized immediately with 0.4 ml of 1.5 m Tris-HCI (pH 8.8). The
purified protein was desalted with PD-10 (GE Healthcare) and
concentrated using an Amicon Ultra-4 device (MWCO 3000;
Millipore).

In Vitro Binding Assay of MK and MK-TRAP—A 100-pul ali-
quot of MK-TRAP-Fc solution was immobilized on a 96-well
assay plate by incubating overnight at 4 °C. The wells were
washed three times with PBS, and varying concentrations of
AP-MK were applied. After 90 min at room temperature,
unbound AP-MK was washed out by washing five times with
HBHA buffer (20 mm HEPES, 0.1% BSA in Hanks’ balanced salt
solution). Bound AP-MK was estimated by enzymatic assay
using p-nitrophenylphosphate as a substrate.

Sample Collection of Human Colorectal Carcinoma Tissues—
The procedures and sources of sample collection under
informed consent were as described previously (26).

Quantitative Real-time RT-PCR—Total RNA was isolated
from colorectal tissues with ISOGEN (Nippon Gene). cDNA
was obtained using a SuperScript III cDNA synthesis kit (Invit-
rogen). Quantitative real-time RT-PCR was performed with a
TagMan probe and ABI PRISM 7700 (Applied Biosystems)
according to the manufacturer’s instructions.

Cell Migration Assay—Chemotaxicells (8-um pore; Kurabo,
Osaka, Japan) were coated, unless otherwise indicated, on the
underside surface with 1 ug/ml collagen I in PBS at 37 °C for
1 h. Harvested cells were washed with 10% FBS/DMEM once
and 0.4% FBS/DMEM once, then suspended at 4 X 10° cells/ml
in 0.4% FBS/DMEM. Collagen I-coated chambers were inserted
into wells of a 24-well plate, where each well contained 600 ul of
0.2% BSA and 0.4% FBS/DMEM with or without 50 ng/ml
PDGEF-BB, and preincubated at room temperature for 10 min.
Cells (100 wl) were added to each insert and incubated for 4 h in
a CO, incubator. Migrating cells were counted at 200 X mag-
nification for five fields/chamber. Experiments were performed
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in triplicate or quadruplicate for each condition, with the num-
bers of migrating cells being presented as the average * S.E.
Cell Survival Assay—SW620 cells were transfected with
siRNA (siGENOME; Dharmacon) using Lipofectamine 2000
(Invitrogen). After 24 h, cells were seeded onto 96-well plates,
and then the medium was switched to 0.5% FBS/F12-K. Viable
cells were estimated with a Cell Counting Kit-8 (DOJINDO).

RESULTS

MK Binds to the Second and Fourth Ligand-binding Domains
of LRP1 on the Cell Surface—LRP1 consists of two heterodi-
meric subunits that are produced through furin-mediated
processing in the trans-Golgi (Fig. 14). The larger chain («
chain) is extracellular and contains four ligand-binding
domains (clusters of ligand-binding repeats). The shorter chain
(B chain) contains the transmembrane domain and the cyto-
plasmic tail. LRP1 was previously identified as a protein bound
to the MK-affinity column (21). To clarify the physical associa-
tion between these two molecules on the cell surface, here we
used several membrane-bound mLRP constructs (Fig. 14) (23,
24). The difference between mLRP-IV and mLRP-IVm is that
the latter contains a mutation in the intracellular domain. Each
mLRP protein carries an HA tag near its N terminus. Each con-
struct was transfected into LRP1-deficient CHO cells. Cells
were then incubated with '**I-labeled MK and treated with a
water-insoluble chemical cross-linker, DSS.

As shown in Fig. 1B, a discrete cross-linked band appeared in
wild-type CHO cells (K1) but not in LRP1-deficient CHO cells
(LRP17/7). Notably, mLRP-II, -1V, and -IVm-expressing cells
showed two cross-linked bands. The upper one represents the
unprocessed protein that contains both « and B chains,
whereas the lower band is the processed « chain. Because a
small fraction of the unprocessed protein is localized on the cell
surface,? the cross-linked pattern shown in Fig. 1B suggests that
MK binds to the cell surface « chain containing either the sec-
ond or fourth ligand-binding domains. Immunoprecipitation
with anti-HA antibody confirmed that the cross-linked bands
indeed contained the HA-tagged « chain of each mLRP (Fig.
1C). A water-soluble cross-linker, BS3, showed the same results
(data not shown). Therefore, these data collectively suggest that
MK specifically binds to cell surface LRP1.

These data were also consistent with our previous finding in
experiments using soluble LRP1 fragments: the N-terminal
halves of the second and fourth ligand-binding domains in the
LRP1 moiety show the highest affinity to MK (27). We further
performed Scatchard plot analysis to reveal the affinity between
MK and the N-terminal half of the second ligand-binding
domain of LRP1 (formerly designated MK-TRAP; Fig. 14).
Indeed, MK and MK-TRAP showed a high affinity with a K,
value of 2.7 nm (Fig. 1, D and E).

LRP1 Is Required for Intracellular Retention of MK—W e next
investigated the role of LRP1 in MK production in the secretory
pathway by comparing LRP1-deficient and mLRP-IV-express-
ing cells. In mLRP-IV-expressing cells, co-expression of MK
and the LRP1 chaperone RAP enhanced MK secretion into the
medium compared with MK expression alone (Fig. 24, lanes 5

3 G. Bu, unpublished data.
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and 6, Medium, MK). In contrast, the effect of RAP on MK
secretion was not seen in LRP1-deficient cells (LRP1~/") (Fig.
2A, lanes 2 and 3, Medium, MK). MK retention in the cell
appeared to be reduced by co-expression with RAP (Fig. 24,
lanes 5 and 6, Cells, MK). Furthermore, translocation of
mLRP-IV to the cell surface of MK-expressing cells was signif-
icantly reduced compared with that in vector-transfected cells
(Fig. 24, lanes 7 and 8). This phenomenon was also restored by
co-expression of RAP (Fig. 24, lanes 8 and 9).

When MK was co-expressed with GFP in mLRP-IV-express-
ing cells, the intracellular MK was densely stained in nearly
detaching, round-shaped cells (Fig. 2B, top row, arrowhead),
whereas MK staining became faint by RAP expression (Fig. 2B,
middle row, arrowheads). Intracellular localization of MK over-
lapped that of mLRP-1V (Fig. 2B, bottom row). Together, these
results suggest that LRP1 is essential for intracellular retention
of MK during biosynthesis: this retention is probably due to
intracellular interaction between MK and LRP1.

Because MK was originally discovered as a retinoic acid-re-
sponsive gene product (2), we next investigated endogenous
MK protein production using this reagent. Retinoic acid
induced MK mRNA expression and consequently intracellular
MK protein production in TGW cells, a neuroblastoma cell line
(Fig. 2C, RNA and Cell). However, surprisingly, it did not
enhance MK protein secretion (Fig. 2C, Medium). After reti-
noic acid treatment, LRP1 was detected not only on the cell
surface (Fig. 2D, arrows), but also as a densely stained intracel-
lular body in nearly detaching, round-shaped cells (Fig. 2D,
arrowheads). MK was similarly stained in round cells (Fig. 2D),
with a pattern reminiscent of MK staining in CHO-mLRP-IV
cells (Fig. 2B). The detaching, round-shaped cells were thought
to be in a state of anoikis, cell death triggered by detachment
from the matrix (28). We then tested the effect of RAP on reti-
noic acid-induced cell death. This chaperone was expected to
relieve the ligand-receptor aggregation, based on the results of
Fig. 2, A and B. Indeed, RAP overexpression significantly
reduced cell death (Fig. 2E).

MK Interacts with Immature LRP1 and Forms Aggregates
during Biosynthesis—We next examined the effect of MK
expression on LRP1 maturation. Pulse-chase metabolic label-
ing revealed that the unprocessed (immature) mLRP-IV
appeared first (Fig. 34, open arrow), and then the processed
(mature) mLRP-IV (« and B chains) increased after 60 —90-min
chase (Fig. 34, lanes 1-3, asterisks). This profile indicates that
the furin-mediated cleavage of immature LRP1 gives rise to
mature LRP1, which is consequently presented on the cell sur-
face. A forced expression of MK strongly suppressed LRP1 mat-
uration (Fig. 34, lanes 4—6). However, if RAP was co-expressed
with MK, LRP1 maturation was restored (Fig. 34, lanes 7-12).

It is known that LRP1 aggregates are formed via intermolec-
ular disulfide bonds and appear at the top of the separation gel
under nonreducing conditions (29). In the present study, the
aggregates increased in cells expressing MK alone but
decreased in cells co-expressing MK and RAP (Fig. 34, Nonre-
ducing). Taken together, these data suggest that the intracellu-
lar MK-LRP1 interaction affects LRP1 maturation.

We next addressed the question of whether or not both MK
and LRP1 were involved in aggregate formation. In a sucrose
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density gradient segregation of cellular proteins, bands at the
top of the separation gel and smears underneath were detected
in void fractions that contained higher molecular mass proteins
under a nonreducing condition (Fig. 3B, fractions 1-5). It has
previously been shown that the unprocessed and processed
mLRP-IV bands migrate separately under a nonreducing con-
dition (29), and in the present study these bands were detected
in fractions 5-11 (open arrow and asterisk, respectively). MK
was detected in the first fraction in addition to the later frac-
tions under the reducing condition, suggesting that MK was
also a component of the aggregates (Fig. 3B).

To examine the MK-LRP association, we performed immu-
noprecipitation (IP). When pulse-chase-labeled proteins were
precipitated with anti-HA antibody (namely, mLRP-IV was
precipitated), the unprocessed and processed mLRP-IV were
detected at the 90-min chase (open arrow and asterisks, respec-
tively in Fig. 3C, lane 6). In contrast, anti-MK antibody co-pre-
cipitated the unprocessed mLRP-IV but not the processed one
at the 90-min chase (Fig. 3C, lane 2). Importantly, when RAP
was co-expressed with MK, the MK-mLRP association was
strongly suppressed (Fig. 3C, lanes 3 and 4). Fig. 3, B and C,
suggests that MK and immature LRP1 formed a complex dur-
ing biosynthesis.
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To confirm the MK-immature LRP association further,
pulse-chase-labeled proteins were sequentially immunopre-
cipitated by two different antibodies. Fig. 3D shows that RAP
formed a complex with immature mLRP-IV but not mature
mLRP-1V (Fig. 3D, lane 2). Similarly, the general ER chaperone
calnexin as well as MK alone was associated with immature
mLRP-IV (Fig. 3D, lanes 3 and 4).

ER-resident LRP1 Fragment Suppresses MK Secretion and
LRPI Maturation—As shown in Fig. 1E, the N-terminal half of
the second ligand-binding domain of LRP1 (MK-TRAP) has a
high affinity for MK. MK-TRAP traps extracellular MK, blocks
MK binding to cell surface LRP1, and consequently suppresses
MK function (27). We next utilized this fragment to investigate
the biological role of the immature ligand-receptor interaction
during biosynthesis. To this end, MK-TRAP was connected
with an ER-retrieval signal found in RAP (the amino acid
sequence is HNEL), so that MK-TRAP was retained in the ER.
We named this construct ER-TRAP (Fig. 1A). Because RAP also
shows high affinity for the LRP fragment corresponding to MK-
TRAP (25), ER-TRAP was expected to trap both MK and RAP
in the ER, leading to the suppression of MK secretion and LRP1
maturation.

Asshownin Fig. 44, MK-TRAP could be detected in both the
cell and the medium, whereas ER-TRAP was only detected in
the cell, indicating that ER-TRAP was properly produced as
expected. Immunoprecipitation revealed that ER-TRAP bound
to both MK and RAP (Fig. 4B). ER-TRAP almost completely
trapped MK in the cell, leading to cessation of MK secretion,
whereas RAP reversed this phenomenon (Fig. 4C). ER-TRAP
also significantly suppressed endogenous MK secretion in the
osteosarcoma cell line, UMR106 (data not shown).

We next examined the effect of ER-TRAP on endogenous
LRP1 production. NIH3T3 cells are known to express endoge-
nous LRP1 but not MK. ER-TRAP strongly suppressed the cell
surface LRP1 production, as estimated by immunoprecipita-
tion after cell surface biotinylation (Fig. 4D). To evaluate the
biological significance of this phenomenon, we next examined
PDGF-mediated migration because LRP1 is known to suppress
PDGF receptor (3 function, as revealed by a study in which vas-
cular smooth muscle cell-specific knock-out of LRP1 induced
increased phosphorylation of PDGF receptor 3 and enhanced
atherosclerosis (30). Although PDGEF-BB did not significantly
induce migration of NIH3T3 cells when administered alone, it
did so in the presence of coated collagen I (Fig. 4E). ER-TRAP-
transfected cells showed significantly enhanced migration
compared with vector-transfected cells, whereas no difference
was observed in collagen I-mediated migration (Fig. 4E). More-
over, PDGF receptor 3 phosphorylation in response to exoge-
nous PDGEF-BB was induced to a larger extent in ER-TRAP-
transfected cells compared with vector-transfected cells (Fig.
4F). These results suggest that reduction of cell surface LRP1
reverses LRP1-mediated suppression of PDGF receptor f3
function.

Increased RAP Expression Is Closely Associated with MK
Expression in Human Colorectal Carcinomas—Human carci-
nomas frequently overproduce MK, and serum MK levels are
elevated in cancer patients (9, 10, 13, 26). Based on our findings,
we hypothesized that a mechanism preventing MK-LRP1 intra-
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cellular aggregation is involved in carcinogenesis. We exam-
ined the protein expression of MK and RAP in human colorec-
tal carcinomas and corresponding adjacent normal tissues. In
most of the cases examined (33 of 39), MK and RAP were
strongly expressed in carcinoma tissues (Fig. 5, A left, and B). As
controls for MK (a ligand of LRP1) and RAP (an ER chaperone),
apolipoprotein E (apoE) and calnexin, respectively, were also
examined. These control molecules did not show any difference
of expression between carcinoma and adjacent normal tissues
(Fig. 5A, left). Real-time RT-PCR examination of the mRNA
expression of LRP1 in carcinoma tissues revealed that there
were few cases in which the LRP1 expression was reduced com-
pared with the adjacent normal tissue. Thus, among the 20
cases examined, there were 12 cases of up-regulation, 6 cases of
no change, and 2 cases of down-regulation (the data of 5 cases
corresponding to those in Fig. 5 left are shown in Fig. 5 right).
These results indicate that the MK-LRP1 autocrine loop was
activated, and the enhanced expressions of RAP and MK are
closely associated in human colorectal carcinomas. To con-
firm the idea that RAP plays a pivotal role in tumor propa-
gation by preventing premature interaction between MK
and LRP1, we performed knockdown experiments for RAP of
the human colorectal adenocarcinoma cell line SW620. Suc-
cessful knockdown of RAP resulted in intracellular retention
of MK and suppression of MK secretion and consequently in
the suppression of cell survival under low serum conditions
(Fig. 5D).
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DISCUSSION

Since the initial proposal of the concept of “autocrine secre-
tion” by Sporn and Todaro (31), an increasing body of evidence
has confirmed its biological significance. In the late 1980s, a
biologically productive premature interaction, i.e. signal trans-
duction via intracellular ligand-receptor binding, was reported
for artificially ER-retained interleukin-3 and PDGF (32-34).
These were the first demonstration that the premature interac-
tion might have a biological role. However, our present data
appear to be in conflict with these reports. The importance of
our findings is that a growth factor and its receptor come to
contact during biosynthesis, and this premature interaction
negatively regulates their production within the secretory path-
way. Avoiding this premature interaction may allow cells to
overproduce a growth factor and thus to acquire a growth
advantage. Indeed, here, we found that the LRP chaperone RAP
blocks the premature MK-LRP1 interaction/aggregate forma-
tion and that increased RAP expression is closely associated
with MK expression in human colorectal carcinomas. Consis-
tent with this, serum MK levels have been shown to be elevated
in human colorectal carcinoma patients (10). Thus, our find-
ings highlight the biological significance of a premature inter-
action in the autocrine secretory pathway.

LRP1 is the fastest endocytosis receptor among the LDL
receptor family members (35), and its endocytosis-dependent
function has been intensively studied. For example, it has been
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determined that LRP1-mediated endocytosis of MK leads to
nuclear targeting by endocytosed MK, which is, at least in part,
responsible for MK-induced cell survival (22). The production
and clearance of amyloid-B (AfB), a pathogenic peptide of
Alzheimer disease, are also dependent on the LRP1-mediated
endocytosis. Thus, amyloid precursor protein (APP), a mem-
brane protein, is intracellularly bridged with LRP1 by FE65 (36,
37). APP also binds to LRP1 extracellularly (38). The conse-
quent APP-LRP1 complex is endocytosed and is further pro-
cessed to produce AB. In regard to clearance of A, extracellu-
lar AB binds directly to LRP1 and also binds indirectly to LRP1
through AB-binding molecules, including apoE (39 —41); after
these interactions, the A is degraded intracellularly. In this
context, our study has highlighted another function of LRP1, i.e.
regulation of ligand biosynthesis. To the best of our knowledge,
this is the first demonstration of a receptor playing an essential
role in the biosynthesis of its ligand. We demonstrated that MK
overexpression leads to the formation of aggregates between
MK and LRP1, thereby suppressing MK secretion. Endogenous
MK induced by retinoic acid treatment is also co-localized with
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LRP1 within the cell and thus is not secreted. The premature
MK-LRP interaction may occur under both physiological and
pathological conditions. It is conceivable that MK secretion
may parallel its mRNA and protein expression until RAP is
capable of blocking the premature MK-LRP1 interaction, but it
may be impaired once MK protein expression overcomes RAP
capacity (Fig. 6).

MK and apoE are LRP1 ligands. Interestingly, both MK and
apoE can bind to AB, and MK, apoE, and LRP1 are found in
senile plaques (39, 41-44). In addition, MK and apoE also show
similar characteristics from the point of view of premature
interaction with LRP1: overexpression of apoE or MK sup-
presses LRP1 maturation and induces LRP1 aggregation, which
is restored by RAP expression (20; this study). In contrast, we
found that the associated protein expressions are observed
for RAP and MK, but not apoE, in human colorectal carci-
nomas. This indicates that MK and apoE have distinct bio-
logical significance and suggests that the biosyntheses of MK
and apoE are differentially regulated, at least in these cancer
cells.

JOURNAL OF BIOLOGICAL CHEMISTRY 8411



Premature Ligand-Receptor Interaction

[ G i g
o o o o o o

Relative LRP-1 expression
(cancer/normal)

B
RAP
Uprequlated | Not Uprequlated | Total
Midkine Uprequlated 33 0 33
Not Upregulated 3 3 6
Total 36 3 39
p<0.01 Fisher's exact probability test
C %OV D s
K
SO
£ £ E £
RAP [W— e | 38
[ — | e dium 8 SICONTROL
MK 8
m Cell é 1
B-actin 2 SiRAP3
0.5
0

1 2 4 5

3
Days
FIGURE 5. Productions of MK and RAP are closely associated in human
colorectal carcinomas. A, human colorectal carcinomas and adjacent nor-
mal tissues were subjected to Western blot analysis for MK, RAP, apoE, and
calnexin protein expression and quantitative real-time RT-PCR for LRP1
mRNA expression. Five of 39 cases examined are shown here. C, carcinoma
tissue; N, adjacent normal tissue. B, statistical analysis. C, SW620 cells were
transfected with the indicated siRNAs. After 48 h, cells were harvested,
and proteins were analyzed by immunoblotting. D, SW620 cells trans-
fected with the indicated siRNAs were seeded, and the cell numbers were
monitored by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. *, p < 0.01 (t test). siRAP1 also gave similar results with
siRAP3 (data not shown).

MK MK-TRAP: 1
LRP1 .
ER-TRAP:
ﬁ o » Bine
Vv A Vv
Trans-Golgi
S X X X

4 ¢

E .
NEL

ER
pH7.2

AP

MK overproduction

Sufficient RAP ER-TRAP

(Insufficient RAP)

FIGURE 6. Mechanisms of biosynthetic regulation for MK and LRP1. Under
physiological conditions, RAP promotes folding of LRP1 and prevents prema-
ture interaction between LRP1 and MK. If RAP becomes insufficient under
pathological conditions, such as overproduction of MK during carcino-
genesis, aggregate formation involving LRP1 and MK takes place. ER-TRAP
may competitively occupy RAP, leading to aggregate formation of LRP1.
ER-TRAP also directly binds and traps MK in the ER. Consequently, ER-TRAP
suppresses both LRP1 maturation and MK secretion. MK-TRAP is the N-ter-
minal half of the second ligand-binding domain of LRP1, which corre-
sponds to SLRP2N-EGF (see “Experimental Procedures”). ER-TRAP is the
MK-TRAP plus HNEL (an ER-retrieving signal).
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It should be noted that other LRP1 ligands, such as tPA,
urokinase, and plasminogen activator inhibitor-1, do not
induce LRP1 aggregation (20). As discussed previously (20),
formation of ligand-receptor aggregation may require poly-
merization of the ligand itself and/or ability of the ligand to bind
to multiple ligand-binding domains of the receptor. A previous
study reported that MK forms a homodimer (45), and our pres-
ent data indicate that MK binds to the second and fourth
ligand-binding domains of LRP1. It is known that apoE can
form small multivalent lipoprotein particles and binds to three
ligand-binding domains of LRP1. In contrast, tPA and PAI-1
may bind to a single site of LRP1 (46). This could be a reason
why MK forms an aggregate with LRP1 within the secretory
pathway. However, the precise mechanisms underlying the pre-
mature ligand-LRP1 interaction remain to be elucidated.

The results of ER-TRAP not only support the significance of
the premature interaction in the biosynthesis of MK and LRP1,
but also provide an intriguing strategy by which simultaneous
repression of a growth factor and its receptor can be achieved.
This strategy allows efficient trapping of a growth factor and a
chaperone specialized for its receptor within the ER (Fig. 6). It
may be applicable to certain disease treatments aimed at the
suppression of ligand and/or receptor expression.
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