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Background: The plasminogen system is central in cell migration and is thus involved in many patho/physiological processes.
Results:M6P-IGF2R is a regulatory factor in plasminogen-associated complexes and mediates plasminogen internalization.
Conclusion: The uptake of plasminogen byM6P-IGF2Rmight be an important pathway to control plasminogen activation in cells.
Significance:M6P-IGF2R restricts plasmin activity and its loss might lead to rampant fibrinolysis.

The plasminogen (Plg) activation cascade on the cell surface
plays a central role in cellmigration and is involved in a plethora
of physiological and pathological processes. Its regulation is
coordinated bymany receptors, in particular the urokinase-type
plasminogen activator receptor (uPAR, CD87), receptors that
physically interact and functionally cooperate with uPAR, and
Plg binding molecules. Here we studied the impact of one of
the Plg binding molecules, the mannose 6-phosphate/insulin-
like growth factor 2 receptor (M6P-IGF2R, CD222), on cellular
Plg activation. By developing both in vitro and in vivo Plg acti-
vation assays on size-fractionated lysates of M6P-IGF2R-si-
lenced cells, we identified Plg-associated complexes with M6P-
IGF2R as the regulatory factor. Using lipid raft preserving versus
dissolving detergents, we found lipid dependence of the Plg reg-
ulatory functionof these complexes. Furthermore,M6P-IGF2R-
silencing in uPAR-positive human cell lines reduced internal-
ization of Plg, resulting in elevated Plg activation. In contrast,
the expression of human M6P-IGF2R in mouse embryonic
fibroblasts derived fromM6P-IGF2R knock-out mice enhanced
Plg internalization. Finally, peptide 18–36derived from thePlg-
binding site within M6P-IGF2R enhanced Plg uptake. Thus, by
targeting Plg to endocytic pathways, M6P-IGF2R appears to
control Plg activation within cells that might be important to
restrict plasmin activity to specific sites and substrates.

Theproteolytic conversion of plasminogen (Plg),2 the central
enzyme of fibrinolysis, to the active serine protease plasmin is

catalyzed by plasminogen activators including urokinase-type
plasminogen activator (uPA), tissue-type plasminogen-activa-
tor, and also bacterial proteins such as streptokinase (1–4).
uPA, produced as the inactive single-chain glycoprotein pro-
urokinase (pro-uPA), is a key activator in the cell surface-me-
diated proteolysis. The uPA-associated proteolysis requires
strict regulation that is controlled by the reorganization of cell
surface molecules, in particular, the urokinase-type plasmino-
gen activator receptor (uPAR, CD87) and receptors that phys-
ically interact and functionally cooperate with uPAR as well as
Plg binding molecules (5). uPAR is a glycoprotein anchored in
the plasmamembrane by a glycosylphosphatidylinositolmoiety
and in the cell membrane preferentially associates to cholester-
ol/glycosphingolipid-enriched membrane microdomains, also
called lipid rafts (6, 7). It is present on the surface of cells as a
full-length three-domain molecule (D1D2D3) capable of bind-
ing integrins and pro-uPA, or a truncated variant (D2D3) lack-
ing the pro-uPA/integrin binding domainD1 (8). Upon binding
to uPAR, pro-uPA is proteolytically converted to the active
double-chain serine protease uPA that in turn specifically acti-
vates cell-bound Plg to the serine protease plasmin (9, 10). Plg/
plasmin receptors exert regulatory functions by restraining
plasmin activity in space and time (11). Typically, via lysine-
binding sites located in its kringle domains, Plg interacts with
lysines encompassed in cellular receptors (12, 13). We have
found that the mannose 6-phosphate/insulin-like growth fac-
tor 2 receptor (M6P-IGF2R, CD222), a multifunctional recep-
tor involved in protein sorting, internalization and degradation
(14–16), binds both uPAR and Plg, and regulates Plg activation
(17–19).We havemapped a binding site for Plg into the amino-
terminal domain 1 ofM6P-IGF2R (18). The crystal structure of
the three amino-terminal domains of the bovine M6P-IGF2R
provided insight into the shape of the lysine-involving binding
site (20). In addition, we have shown that M6P-IGF2R acceler-
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ates the proteolytic cleavage of uPAR, thereby interfering with
the Plg activation cascade and cell invasion, and also controls
the expression of �V�3 integrin (21), another membrane part-
ner molecule of uPAR that is involved in the regulation of the
uPAR system (22–24).
Here we investigated the impact of M6P-IGF2R on the reor-

ganization of the cell membrane protein complexes associated
with Plg conversion. For this purpose, we silencedM6P-IGF2R
in human cell lines by RNA interference, and we expressed
humanM6P-IGF2R, both the wild type form and a variant con-
taining the lysine 25 point mutation within the Plg binding
region, in mouse embryonic fibroblasts derived from M6P-
IGF2R knock-out mice. Employing these cells for lipid raft flo-
tation analysis, two-dimensional blue native polyacrylamide gel
electrophoresis (BN/SDS-PAGE) followed by zymography, gel
filtration analysis combined with cellular proteolysis assays,
and internalization assays, we show here that M6P-IGF2R
contributes to regulation of pericellular proteolysis by Plg
internalization.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Tricine, Tris, Coomassie Brilliant
Blue (R-250 and G-250), ammonium persulfate, TEMED,
sodium dodecyl sulfate (SDS), acrylamide, N,N�-methylenebi-
sacrylamide, BSA were purchased from SERVA (Heidelberg,
Germany). All protease inhibitors, beriglobin, puromycin,
Polybrene, DAPI, tranexamic acid, monensin, and imidazole
were from Sigma. Nonidet P-40, Triton X-100, BCA kit, and
N-dodecyl-D-maltoside and EZ-Link Sulfo-NHS-biotin were
from Pierce. Glycerol and benzonase were fromMerck. Immo-
bilon-P transfer membrane was fromMillipore (Bedford, MA).
6-Aminocaproic acid was from Fluka (Buchs, Switzerland).
Glu-Plg was purchased from Calbiochem and labeled by us
(Plg-AF488). Fluorescently labeled transferrin (Tf-AF546) was
fromMolecular Probes (Invitrogen).
Antibodies—The monoclonal antibody (mAb) MEM-238 to

M6P-IGF2R was generated by us (25). However, unlabeled
MEM-238 and MEM-238 conjugated to APC were purchased
from EXBIO (Prague, Czech Republic). The biotin conjugate
was generated by us. The CD59 mAb MEM-43/5, CD63
(LAMP-3) mAbMEM-259, mAbH902, andmAbAFP-01 were
kindly provided by Dr. Václav Hořejší (Institute of Molecular
Genetics, Academy of Sciences of the Czech Republic, Prague,
CzechRepublic). The anti-�3mAbVIPL-2was kindly provided
by Otto Majdic (Institute of Immunology, Centre for Patho-
physiology, Infectiology and Immunology, Medical University
of Vienna, Vienna, Austria). The mouse anti-integrin �V�3
mAb (clone LM609) and anti-integrin �V mAb (clone P3G8)
were fromMillipore. ThemAbH2 and C8 to uPARwere kindly
provided by Dr. Ulrich Weidle (Roche Diagnostics, Division
Pharma). The mAbs against pro-uPA/uPA (scuPA8 and U5)
were from Technoclone (Vienna, Austria). Rabbit polyclonal
anti-plasmin and anti-Rab11 Ab were from Abcam (Cam-
bridge, UK), and the rabbitmAbC45B10 to EEA1was fromCell
Signaling Technology (Danvers, MA). As secondary reagents,
we used horseradish peroxidase (HRP)-conjugated anti-mouse
and anti-rabbit IgG (Sigma), streptavidin-HRP conjugate (GE

Healthcare), and goat anti-mouse IgG�IgM (H�L)-FITC con-
jugate (An der Grub, Kaumberg, Austria).
Peptides—The peptide derived from the amino-terminal part

of M6P-IGF2R, peptide 18–36 (pep18–36, TKNNVLY-
KINICGSVDIVQ), and control scrambled peptide (pepSCR,
SVNCAIGSNGKVNYIKVNS) were produced either by Geno-
sphere (Paris, France) or by Peptide 2.0 Inc. (Chantilly, VA).
Cells—The human kidney epithelial tumor cell line TCL-598

was a gift from the Novartis Research Institute (Vienna, Aus-
tria). The human monocytic cell line THP-1 was from ATCC.
The immortalized M6P-IGF2R negative mouse fibroblasts
were kindly provided by E. Wagner (Spanish National Cancer
Research Centre, Madrid, Spain). The cells were cultured in
RPMI 1640 medium (Sigma) supplemented with 100 �g/ml
penicillin, 100 �g/ml streptomycin, 2 mmol/liter L-glutamine,
and 10% heat-inactivated fetal calf serum (Sanova Diagnostics,
Vienna, Austria). The cells were grown in a humidified atmo-
sphere at 37 °C and 5% CO2 and passaged at least twice a week
using trypsin-EDTA solution.
Site Mutagenesis; Generation of M6P-IGF2RK25T Mutant

Variant—The construct M6P-IGF2R-pTag/BMN-Z was used
for the site-directedmutagenesis of Lys-25. This construct con-
tains the complete gene sequence of the full-lengthM6P-IGF2R
fused at the carboxyl terminus to the pTag sequence in the
retroviral vector pBMNZ (18). The pTag encompasses an
epitope for mAb H902 enabling purification of the recombi-
nant protein (26). The PCR site-directedmutagenesis was done
as follows. Lys-25 coded by three adenine nucleotides lies par-
tially in a recognition site of the PsiI restriction enzyme
(TTATAA). The forward primer (5�-TGTACTGTATACAAT-
CAACATCTGT-3�) was designed to contain a cytosine instead
of an adenine, resulting in a change from the AAA codon for
lysine-to-threonineACA codon. In addition, CTTwas changed
to CTG so that finally the PsiI recognition site TTATAA was
changed to GTATAC, the recognition site for SnaI. The
reverse primer was designed to contain an EcoRI recognition
site (5�-TGTTGAATTCCAGGAGAGATCTGGT-3�). Because
the desired amplification area contained a high portion of gua-
nine and cytosine nucleotides known to hinder the PCR reac-
tion, we used a GC-rich resolution kit (Roche Diagnostics) to
provide sufficient amplification. The corresponding PCR prod-
uct was purified using Wizard SV Gel and PCR Clean-Up Sys-
tem (Promega), cleaved by SnaI and EcoRI, and inserted by
ligation into the matching vector generated by a cleavage of
M6P-IGF2R-pTag/BMN-Z PsiI and EcoRI. The resulting con-
struct M6P-IGF2RK25T was analyzed by digestion with BglII
and PsiI. Plasmids containing mutations were cleaved by BglII
only, whereas non-mutated plasmidswere cleaved by both. The
presence of the desiredmutation in these plasmids was verified
by DNA sequencing analysis (VBC Genomics Bioscience
Research GmbH, Vienna, Austria).
Transfection and Transduction Procedures—All transfection

and transduction procedures were performed as described ear-
lier (27). Briefly, the retroviral plasmids were used for transient
transfection of the ecotropic packaging cell line Phoenix by the
Superfect Transfection method (Qiagen, Hilden, Germany).
Three days after transfection, the supernatants containing viral
particles were mixed with Polybrene (4 �g/ml), and the mix-
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tures were used to transduce target cells. M6P-IGF2R-negative
mouse fibroblasts expressing human uPAR (18) were trans-
duced with the pTag-tagged full-length normal and mutated
forms of human M6P-IGF2R. The expression of the recombi-
nant proteins was verified by flow cytometrywith specificmAb;
positive cells were selected by limiting dilution for further
study.
Purification of Receptors—Transductants (5 � 107) were

lysed for 30 min on ice in lysis buffer (20 mmol/liter Tris-HCl,
140 mmol/liter NaCl, pH 8.2) containing 1% Nonidet P-40 as a
detergent and a mixture of protease inhibitors (5 �mol/liter
aprotinin, 5 �mol/liter leupeptin, 5 �mol/liter pepstatin, 1
mmol/liter PMSF). Lysates were centrifuged for 2 min at
10,000� g at 4 °C, and the supernatants were subjected to affin-
ity chromatography using anti-pTag mAb H902 coupled to
CNBr-Sepharose. The columns were washed with lysis buffer,
and purified receptor proteins were eluted from the column
with elution buffer (20 mmol/liter Tris-HCl, 140 mmol/liter
NaCl, pH 11.7). The eluted fractions were adjusted to pH 7.5
using HCl. A uPA-conjugated agarose column was used to iso-
late soluble uPAR from the conditioned medium of CHO cells
expressing the recombinant human soluble uPAR as described
previously (28).
Flow Cytometry and Internalization Assay—Cells were

detached using 5 mmol/liter EDTA, PBS. For surface staining,
the cells were washed with PBS containing 1% BSA and after-
ward incubated on ice for 30min with specific mAb. In the case
of non-labeled antibodies, the cells were washed again, and a
second step staining was done with FITC-conjugated F(ab�)2
anti-mouse IgG�IgM antibodies (An der Grub, Kaumberg,
Austria). Before analysis, the cells were washed with 1% BSA/
PBS. Dead cells were excluded by staining with 7-amino-acti-
nomycin D. Flow cytometry was performed on a LSR II flow
cytometer (BD Biosciences). Data acquisition was executed
with the FACSDIVA software. Data analysis was accomplished
with the FlowJo software (Treestar Inc., Ashland, OR).
For the internalization assay, the cells were first detached

(see above) and then incubated in suspension for at least 1 h
after the EDTA treatment in the incubator with or without
monensin (30 �mol/ml). Then the cells were pre-cooled and
incubated for 20 min on ice with fluorescently labeled Plg-
AF488 (100 nmol/liter) with or without the fluorescently
labeled specific mAb MEM-238 (5 �g/ml), peptides (20 �mol/
ml), or inhibitors. Afterward, the cells were incubated for vari-
ous time intervals at 37 °C. After acid stripping (50 mmol/liter
glycine, 150 mmol/liter NaCl, pH 3.0), the cells were analyzed
by flow cytometry for remaining (stripping-resistant) fluores-
cent Plg.
RNA Interference—RNAi was performed as described previ-

ously (21). Briefly, stable M6P-IGF2R knockdown cell lines
TCL-598 and THP-1 were generated by the delivery of a short
hairpin RNA (shRNA) expression cassette cloned in the lenti-
viral vector pLKOpuro1 (provided by S. Steward; Washington
University School of Medicine, St. Louis, MO). Two different
short hairpin sequences specific for M6P-IGF2R were used:
sh4525 and sh6588 described previously (21). Both target posi-
tionswere equally efficient (more than 80% silencing efficiency)
and yielded similar results. As a control construct we used the

MISSIONTM non-target shRNA control vector (pLKOpuro1)
from Sigma. Lentiviral particles were generated as previously
described (29). Briefly, HEK-293 cells were co-transfected by
the calcium phosphate precipitationmethod with vector DNA,
the pseudo-typing plasmid (pCMV_VSV.G) and the packaging
construct (pHR�8–2�R) in a ratio of 2/1/1.5. Forty-eight hours
after transfection, viral supernatants were harvested, filtered,
and used fresh for the transduction of target cell lines. The
transduction was done overnight with the addition of 5 �g/ml
Polybrene. Stably transduced cells, both the control (shCTR)
and with silenced expression of M6P-IGF2R (shM6P-IGF2R),
were cultured permanently with puromycin (3 �g/ml for TCL-
598, 1.5 �g/ml for THP-1).
In Vitro Binding Assay and Immunoblotting Analysis—For

the binding assay, 5 �g/ml various molecules were coated on
wells of a 96-well BD FalconTM plate in PBS, pH 8.7, for 2 h at
37 °C. Then the wells were blocked with 1% BSA in PBS for 1 h
at room temperature and washed 2 times with binding buffer
(20 mmol/liter Tris-HCl, 140 mmol/liter NaCl, pH 7.5). After-
ward, thewells were incubated for 4 h on icewith binding buffer
supplemented with 5 �g/ml purified assayed proteins and
washed 2 times with ice-cold binding buffer. Bound material
was analyzed by SDS/polyacrylamide gel electrophoresis (SDS-
PAGE) followed by transfer to Immobilon polyvinylidene diflu-
oride membranes (Millipore). The membranes were blocked
using 4% nonfat milk and immunostained with a specific
(optionally biotinylated) mAb followed by the incubation
with the anti-mouse IgG HRP-conjugate Ab (optionally with
streptavidin-HRP conjugate). For visualization of the proteins,
either the chemiluminescence image analyzer FUJIFILM/LAS-
4000 was used or the membranes were exposed to light-sensi-
tive Eastman Kodak Co films. The films were developed by
using the AGFA Curix 60 developing machine (Agfa
Deutschland Vertriebsgesellschaft mbH and Co. KG, Cologne,
Germany).
Sucrose Density Gradient Centrifugation Analysis—Cells

(5 � 107) were lysed directly in culture flasks using lysis buffer
containing a mixture of protease inhibitors as above and deter-
gent 1% Brij-58. The cell lysates were then mixed with 80%
sucrose solution to get a final concentration of 40% sucrose.
This fraction was placed onto a 60% sucrose fraction in a cen-
trifuge tube and then overlaid gradually with 20, 15, 10, and 5%
sucrose fractions (each fraction of 500 �l) to establish a linear
gradient. All the layers contained 0.5% Brij-58 and protease
inhibitors. After ultracentrifugation at 200,000 � g for 18 h at
4 °C, 10 fractions were gradually taken from the top to bottom
of the gradient, and the aliquots were analyzed by immunoblot-
ting analysis as described above.
BN/SDS-PAGE and Zymography—Based on previously

described techniques (30, 31), we washed the cells (5 � 107)
twice with solubilization buffer (50 mmol/liter NaCl, 5 mmol/
liter aminocaproic acid, 1 mmol/liter EDTA, 50 mmol/liter
imidazole-HCl, pH 7.0) and harvested them from the flask in
the same buffer by scraping. The cells were centrifuged for 10
min at 360 � g and 4 °C. Afterward, the cells were resuspended
in solubilization buffer and homogenized by a Teflon pestle
(types S20 and S21, Glas-Col, Terre Haute, IN). The nuclei and
debris were removed by spinning for 30 s at 10,000� g and 4 °C.
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The supernatants were then centrifuged for another 45 min at
100,000 � g and 4 °C. The pellets containing membrane pro-
teins were solubilized in Triton X-100 (1 g/1 g of total protein)
in solubilization buffer and incubated for 15 min on ice. The
protein amount was measured with the BCA protein kit
(Pierce).
To run theBN/SDS-PAGE, a 3–13%gradient polyacrylamide

gel was used as a separation gel, and a 2.5% native gel was used
as a stacking gel. The samples were loaded, and deep blue cath-
ode buffer (50mmol/liter Tricine, 7.5 mmol/liter imidazole pH
7.0 and 0.02% Coomassie Blue G-250) was poured on top of the
samples and into the upper (cathode) chamber. The anode
buffer (25 mmol/liter imidazole-HCl; pH 7.0) was poured into
the lower (anode) chamber, and electrophoresis was performed
at 5 V/cm and 4 °C overnight. The following day, after the sam-
ples entered the first third of the gel, the deep blue cathode
buffer B was replaced with the slightly blue cathode buffer (50
mmol/liter Tricine, 7.5 mmol/liter imidazole, pH 7.0, and
0.002% Coomassie Blue G-250), and the voltage was increased
to 13 V/cm. Ferritin and BSAwere used asmarkers. Lanes were
cut from the gel and either used immediately in the second-
dimension run or frozen at �20 °C for a later usage. The gel
strips from the first dimension were equilibrated in SDS-PAGE
running buffer for 5 min and then put on the top of a 7.5%
SDS-polyacrylamide gel for the second dimension separation.
The gel was run at 1 V/cm at 4 °C overnight. The next day the
voltage was increased to 13 V/cm. The gel was blotted at con-
stant voltage (15 V), and the membrane was analyzed as
described above. In some experiments, we applied zymographic
SDS-PAGE as the second dimension.
Zymography was performed according to the published pro-

tocols (32, 33) with some modifications. A 10% SDS-polyacryl-
amide gel was impregnated with fibrinogen (3mg/ml) as a plas-
min substrate. The zymogen Plg was added into the gel (30
�g/ml) to be activated to plasmin by cellular uPA during the
assay. The electrophoresis was run at 1 V/cm and 4 °C over-
night. The next day the voltage was increased to 13 V/cm.
Afterward, the gel was first incubated twice for 15 min in 2.5%
Triton X-100 (in 0.1 M Tris; pH 8.1) to withdraw SDS from the
gel and then incubated overnight (in 10mmol/liter CaCl2 in 0.1
mol/liter Tris; pH 8.1) at room temperature to allow an enzy-
matic reaction inside the gel. Finally, the gel was stained with
Coomassie Brilliant Blue and destained in 25% (v/v) methanol
with 10% (v/v) acetic acid in water. The staining of the gel
revealed areas of proteolytic activity as transparent bands in a
dark blue background. The gel was scanned with an Epson Per-
fection 1200 photo scanning system, and images were analyzed
by the Adobe Photoshop CS3 software (extended Version
10.0.1). The images presented here are in a grayscale.
Gel Filtration and Plg Activation Assay—The GE Healthcare

AKTAFPLCSystemwas used for the gel filtration experiments.
Cell lysates were prepared as described above by solubilization
either with 1% Triton X-100 or 1% N-dodecyl-D-maltoside.
Samples were loaded at 4 °C in a volume of 500�l onto a Super-
ose 6 HR 10/300 GL column (GE Healthcare) equilibrated with
Triton X-100 (0.5%)/PBS. The absorbance at 280 nmwasmon-
itored, and 500-�l fractions were collected and analyzed by
immunoblotting and in vitroPlg activation assay. The following

standards of molecular mass (all fromGEHealthcare or Sigma)
were used: blue dextran (2000 kDa), thyroglobulin (669 kDa),
ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), BSA
(66 kDa), and carbonic anhydrase (29 kDa). In some experi-
ments the cells were pretreated with Plg.
Individual gel filtration fractions (50 �l) were loaded into

wells of a 96-well plastic plate and incubated at 37 °C with or
without (when the cells were pretreated with Plg) human Glu-
Plg (50 nmol/liter). Plasmin activities were analyzed by adding
the chromogenic plasmin (S-2251) substrate (0.8 mmol/liter).
The absorbance change at 405 nm was monitored by using a
96-well plate reader (SpectraMax M5, Molecular Devices,
Sunnyvale, CA).
Confocal Microscopy—Cells were seeded into chamber

slides (5 � 103 cells/well; Nalgene/Nunc, Wiesbaden, Ger-
many) and cultured under standard conditions. The directly
conjugated proteins Transferrin-AF546 (20 �g/ml), Plg-
AF488 (50 nmol/liter), and the mAb MEM-238-AF647-la-
beled antibody directed against the M6P-IGF2R (20 �g/ml)
were added directly into the culturemedium, and the cells were
incubated for 20 min at 37 °C under normal culture conditions
protected from light. Then medium was discarded, and cells
were washed with PBS and fixed with Fixing Solution (Invitro-
gen) for 15 min at room temperature and permeabilized. The
cells were shortly rehydrated with 1� PBS and afterward incu-
bated for 10minwithDAPI solution to visualize the nuclei. The
chambers were removed, and the slides were washed three
times for 5 min in PBS before mounting with fluorescent
mounting medium (Dako, Copenhagen, DK)). Pictures were
captured with a confocal laser scanning microscope (LSM 700,
Zeiss, GER) and evaluated with the software ZEN 2009 (Lite
version, Zeiss, GER).
Statistical Analysis—All experiments were performed at

least three times in at least triplicates. The data were expressed
as mean values with S.D. Statistical significance was evaluated
by using Student’s t test; a value of p �0.05 (as indicated) was
considered to be significant.

RESULTS

Lipid rafts are described as platforms controlling receptor
effector and signaling functions at and across the plasmamem-
brane (34). Therefore, we tested whether M6P-IGF2R influ-
enced lipid raft partitioning of uPAR and uPAR/uPA-mediated
Plg activation. We used the human kidney carcinoma cell line
TCL-598 because of its high expression of both uPAR and its
ligand pro-uPA (21). We lysed control-silenced versus M6P-
IGF2R-silenced TCL-598 cells with the lipid raft preserving
detergent Brij-58 and subjected the cell lysates to a sucrose
density gradient centrifugation. We tested individual fractions
for the presence of uPAR, �3 integrin, M6P-IGF2R, and CD59,
another glycosylphosphatidylinositol-anchored protein fre-
quently used as a lipid raft marker. We found parts of the full-
length form of uPAR (D1D2D3), the truncatedD2D3 form, and
pro-uPA present in light density fractions corresponding to
detergent-resistant lipid rafts (Fig. 1). This was particularly true
for the D2D3 form of uPAR that was in line with the previous
observation that the uPAR cleavage was accelerated in lipid
rafts (6). Interestingly, M6P-IGF2R showed a similar distribu-
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tion as the D2D3 form, and moreover, full-length uPAR
(D1D2D3) was stronger expressed in the M6P-IGF2R-silenced
cells, which was in agreement with our previous finding that
M6P-IGF2R facilitated uPAR cleavage (21). However, M6P-
IGF2R-silencing did not result in any significant effect on the
density distribution of the analyzed molecules. Likewise in the
control cells, the majorities of full-length uPAR together with
uPA and �3 integrin molecules were seen in the heavy density
fractions corresponding to detergent-soluble proteins. Alterna-
tively, they could also be part of the recently described heavy
rafts (35).
Next, we isolated cell membrane fractions from control- and

M6P-IGF2R-silenced cells, lysed them with Triton X-100, and
subjected the cell membrane lysates to BN/SDS-PAGE. This
technique allowed us to isolate native cell membrane protein
complexes in the first dimension and dissect individual compo-
nents of the complexes by SDS-PAGE in the second dimension.
In the control cell membrane fractions, M6P-IGF2R was pres-
ent in a highmolecularmass complex of the apparent size in the
range from 440 to 880 kDa. In addition, �V integrin and par-
tially also full-length uPAR (D1D2D3) migrated to the similar
position, indicating that theymight be components of the same
complex (dotted frame in Fig. 2A). D1D2D3 and �V integrin
were further detected together in two smaller complexes of the
apparent sizes of �440 and 200 kDa, respectively (dashed
frames in Fig. 2A). We also observed uPAR bands (both

D1D2D3 and D2D3) of �100 kDa probably corresponding to
dimeric forms (36). Pro-uPA mirrored the position of uPAR
D1D2D3 (Fig. 2A) in line with its restricted ability to bind only
to full-length uPAR (8). Upon M6P-IGF2R silencing, both the
full-length uPAR (D1D2D3) and the pro-uPA bands got
enriched and concentrated in the 200-kDa region. This finding
was in accord with our previous results showing their up-regu-
lation on the cell surface of silenced cells (21). To analyze which
of these complexes possessed proteolytic activity, we combined
BN-PAGE in the first dimension with zymography in the sec-
ond dimension (Fig. 2B). Althoughwe detected clear zones cor-
responding to the pro-uPA bands both in control- and inM6P-
IGF2R-silenced cells (compare Fig. 2, A and B), the intensity
was so weak that no quantitative evaluation was possible. This
revealed the limit of combining native gel electrophoresis with
zymography, yet this method can be useful for studying other
cellular proteolytic systems.
To overcome this limitation and get better insight into the

ability of the identified protein complexes to activate Plg, we
solubilized control- and M6P-IGF2R-silenced cells and sub-
jected the cell lysates to gel filtration fractionation through a
Superose 6 column. Individual fractions were subjected to in
vitro proteolysis assay in the presence of Plg to measure their
ability to generate plasmin. When Triton X-100 was used as a
detergent, we detected three peaks of plasmin activity (Fig. 3A).
The first matched the high molecular mass molecules in the
void volume of the column in fractions 4–7 (�2000 kDa), the
second corresponded to intermediate molecular mass molecu-
lar complexes in fractions 19–22 (�100–440 kDa), and the
third was in fractions 25–28 (low molecular mass range less
than 66 kDa). Remarkably, fractions 25–28 derived from the
M6P-IGF2R-silenced cell lysate displayed higher plasmin activ-
ity (Fig. 3A), which might be likely linked with the higher
expression of pro-uPA on the surface of these cells (21). Then
we used the detergent N-dodecyl-D-maltoside that in contrast
to Triton X-100 solubilizes also lipid rafts. We detected the
similar three major peaks of plasmin activity, but interestingly,
in the highmolecularmass complex derived fromM6P-IGF2R-
deficient cells, higher activity was apparent. Furthermore, the
activity in the intermediate molecular mass proteolytic frac-
tions was higher compared with the Triton X-100 solubiliza-
tion, but similar for both control- and M6P-IGF2R-silenced
cells (Fig. 3A).
Next, we analyzed the individual fractions from the gel filtra-

tion analysis by immunoblotting (Fig. 3B). In control cells, we
found M6P-IGF2R in the molecular mass range from 440 kDa
to above 669 kDa, and �3 integrin similarly to uPAR ranging
approximately from 400 to 600 kDa. In M6P-IGF2R-silenced
cells, we did not observe any major differences compared with
control cells except higher expression of pro-uPA and relatively
higher full-length uPAR (D1D2D3), again in line with our pre-
vious results (21). These data corresponded well with the data
obtained byBN/SDS-PAGEanalysis (compare Figs. 3B and 2A).
According to the protein distribution in the gel filtration frac-
tions, we reckoned that 1) the low molecular mass peak of
detected plasmin activity corresponded to the single uPA mol-
ecule and probably also to truncated proteolytically active uPA
molecules (37), and 2) the intermediate molecular mass peak of

FIGURE 1. Effect of M6P-IGF2R silencing on the lipid raft partitioning of
uPAR. Control (shCTR)- and M6P-IGF2R-silenced (shM6P-IGF2R) TCL-598 cells
were lysed by using the detergent Brij-58, and the cell lysates were subjected
to sucrose gradient density centrifugation. Ten individual gradient fractions
were taken gradually from the top (light fractions corresponding to deter-
gent-resistant lipid rafts) to the bottom (heavy fractions corresponding to
soluble proteins). The samples were analyzed by SDS-PAGE followed by
immunoblotting (IB) with mAb specific to M6P-IGF2R (mAb MEM-238), �3
integrin (mAb VIPL-2), uPAR (mAb H2), pro-uPA (mAb U5), and CD59 (mAb
MEM-43/5) as a control of lipid raft fractionation. Chemiluminescence was
used for visualization. D1D2D3 points to the band corresponding to the full-
length uPAR, and D2D3 points to the band corresponding to the truncated
form. Results are representative for three independent experiments.
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plasmin activity was linked with uPA bound to full-length
uPAR complexed with other membrane partners, such as e.g.
�V�3 integrin and in particularM6P-IGF2R. In the Plg activat-
ing high molecular mass fractions 4–7, we repeatedly observed
very weak yet detectable bands of M6P-IGF2R (Fig. 3B).
It has been shown that upon rapid internalization, M6P-

IGF2R traffics through late endosomes and delivers its cargo to
lysosomes, but a large fraction returns to the cell surface
through the early endosomal compartment (16, 38, 39). There-
fore, we tested the fractions also for the early endosome antigen
1 (EEA1), a well established marker of endosomal compart-
ments, Rab11, a marker of recycling endosomes, and LAMP-3,
a lysosomal marker. We detected EEA1 and a very slight por-
tion of Rab11 in the high molecular mass fractions, suggesting
that Plg was internalized through endosomal compartments.
The vast majority of 25-kDa Rab11 was found in fractions
20–24 (�66–200 kDa), indicating its participation in other
protein complexes (Fig. 3A).

We then were curious to test which molecular complexes
were responsible for activation of Plg in vivo in the living cell.
We incubated live cells for 30 min with Plg on ice to allow Plg
binding onto the cell surface and then for an additional 60 min
without Plg at 37 °C to allow its activation. Afterward, we solu-
bilized the cells and subjected the cell lysates to size-exclusion
chromatography. We tested the individual fractions for plas-
min activity in the presence of a chromogenic plasmin sub-
strate. In M6P-IGF2R-silenced cells, we again detected three
areas of plasmin activity; the first co-eluted with the EEA1-
containing high molecular mass molecules in the void volume
of the column in fractions 4–7, the second elutedwith fractions
14–18, and the third eluted in fractions 21–24 of the low-mo-
lecular mass range (�160–66 kDa). Interestingly, the latter

plasmin activity overlapped with Rab11, which might indicate
that internalized plasmin was disseminated via endosomes to
different compartments of the cell (compare Figs. 4 and 3B).
Strikingly, when we pretreated the cells for 60 min with the
carboxylic ionophore monensin (30 �mol/liter), an established
inhibitor of receptor trafficking and recycling, the pattern of
plasmin activation in the different fractions, was identical to
that seen upon M6P-IGF2R-silencing: reduced plasmin con-
tent within both the EEA-1-containing high molecular mass
fractions and the Rab11-containing low molecular mass frac-
tions corresponding to endosomal membrane complexes. The
intermediate molecular mass plasmin activity was stronger and
corresponded well to the higher appearance of full-length
uPAR and �V�3 integrin in these fractions (compare Figs. 4A
with 3B).
To further test whether M6P-IGF2R functioned in Plg inter-

nalization, we analyzed the Plg-binding site within the amino-
terminal region of M6P-IGF2R; we and others previously
showed that a Plg-binding site withinM6P-IGF2R was situated
in its amino-terminal region (18, 20). Because M6P-IGF2R
bound Plg in a lysine-dependent manner (17) and Lys-25 of
M6P-IGF2R had been shown to be encompassed within the Plg
binding region (18, 20), we tested whether this residue was
directly implicated in Plg binding and internalization. First,
Lys-25 was changed into threonine by site-directed mutagene-
sis, and both humanwild typeM6P-IGF2R (M6P-IGF2Rwt) and
M6P-IGF2R bearing the lysine-to-threonine mutation (M6P-
IGF2RK25T) were expressed in theM6P-IGF2R-negativemouse
fibroblasts expressing human uPAR (18). However, M6P-
IGF2RK25T was expressed in a much lower amount compared
with M6P-IGF2Rwt (Fig. 5A); we observed this phenomenon
with all characterized M6P-IGF2RK25T clones (data not

FIGURE 2. BN/SDS-PAGE analysis of the effect of M6P-IGF2R silencing on reorganization of membrane protein complexes associated with Plg activa-
tion. A, cell membrane fractions derived from control (shCTR)- and M6P-IGF2R-silenced (shM6P-IGF2R) TCL-598 cells were prepared by solubilization with
Triton X-100 as described under “Experimental Procedures.” The samples were then analyzed by BN-PAGE in the first dimension followed by SDS-PAGE in the
second dimension. For the immunoblotting analysis (IB), the mAbs to M6P-IGF2R (mAb MEM-238), �V integrin (mAb P3G8), uPAR (mAb H2), and pro-uPA (mAb
scuPA8) were used followed by an HRP-conjugated anti-mouse Ab and chemiluminescence detection. D1D2D3 points to the band corresponding to the
full-length uPAR, and D2D3 points to the band corresponding to the truncated form. Molecular mass markers are shown on the top for the first dimension
(dimers and monomers of Ferritin (880, 440 kDa) and BSA (130, 66 kDa)) and along the panel border for the second dimension (standard SDS-PAGE molecular
mass markers). The dotted frame indicates the complex of M6P-IGF2R, �V integrin, and uPAR (D1D2D3) in shCTR cells. The dashed frame indicates the complex
of �V integrin and uPAR. B, the gel strips from the first dimension of BN/SDS-PAGE were analyzed by zymographic SDS-PAGE as described under “Experimental
Procedures.” Afterward, the gel was scanned, and the images were analyzed. The images are presented in a grayscale mode so that the clear zones represent
the areas of proteolytic activation. Standard molecular masses are shown along the panel border. Results are representative for two independent experiments.
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shown). Despite the poor expression we were able to purify
sufficient amounts of the mutant to perform a Plg binding
assay; compared with the wild type receptorM6P-IGF2Rwt, the
purifiedM6P-IGF2RK25T displayed reduced binding to bothPlg
and uPAR (Fig. 5B) suggesting that Lys-25 within the Plg-bind-
ing site was involved in Plg and uPAR binding. Next, we per-
formed an internalization assay with M6P-IGF2R knock-out

mouse fibroblasts expressing human uPAR with or without
both variants of humanM6P-IGF2R.We incubated the cells on
ice with fluorescently labeled Plg to enable its binding onto the
cell surface, then we incubated the cells for various time inter-
vals at 37 °C to allow Plg internalization. After stripping the
surface-boundPlg, the cells were subjected to flow cytometry to
detect intracellular Plg. We observed �60% elevated Plg inter-

FIGURE 3. Analysis of M6P-IGF2R complexes activating Plg in vitro. A, cell lysates derived from control (shCTR)- and M6P-IGF2R-silenced (shM6P-IGF2R)
TCL-598 cells were prepared as described under “Experimental Procedures” by solubilization with either detergent Triton X-100 (TX) or detergent N-dodecyl-
D-maltoside (DM). The samples were loaded onto a Superose 6 column, and individual fractions were collected. The fraction samples were transferred into wells
of a 96-well plastic plate and incubated at 37 °C with human Glu-Plg (50 nmol/liter). Plasmin activities were analyzed by adding the chromogenic plasmin
substrate (S-2251; 0.8 mmol/liter). The absorbance change at 405 nm was monitored after 4 h by using a 96-well plate reader. B, the fraction samples from A
were analyzed by SDS-PAGE followed by immunoblotting (IB) with mAbs specific to M6P-IGF2R (mAb MEM-238), �3 integrin (mAb VIPL-2), uPAR (mAb H2),
pro-uPA (mAb U5), Rab11 (polyclonal), LAMP-3 (mAb MEM-259), and EEA1 (mAb C45B10). Chemiluminescence was used for visualization. D1D2D3 points to the
band corresponding to the full-length uPAR, and D2D3 points to the band corresponding to the truncated form. Results are representative for three inde-
pendent experiments. Molecular mass standards used in A are specified under “Experimental Procedures.”

M6P-IGF2R Controls Plasminogen Uptake

22456 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 27 • JUNE 29, 2012



nalization in cells expressing wild type human M6P-IGF2R
(M6P-IGF2Rwt) (Fig. 5C). Expression of mutant M6P-
IGF2RK25T did not stimulate a comparable internalization rate.
However, the mutant displayed as well a markedly reduced
internalization of the fluorescently labeled anti-M6P-IGF2R
mAbMEM-238 (Fig. 5C), similarly to theM6P-IGF2R-silenced
cell lines THP-1 andTCL-598 (Fig. 6,B andC). Thus, the failure
of the mutant receptor to facilitate Plg internalization could
have been likely due to insufficient receptor expression and not
insufficient Plg binding.
We also subjected to the internalization assay the M6P-

IGF2R-silenced and control-silenced human TCL-598 cells.
We found that upon M6P-IGF2R silencing, Plg internalization
was reduced by about 40% (Fig. 6, A and B). A similar result we
obtained with M6P-IGF2R-silenced THP-1 cells (Fig. 6, A and
B).We confirmed these results also by confocalmicroscopy; we
preincubated control- and M6P-IGF2R-silenced cells at 37 °C
for 20 min with fluorescently labeled Plg, transferrin (Tf), and
the mAb MEM-238 to M6P-IGF2R to allow their internaliza-
tion. We detected large Plg aggregates concentrated on the cell
surface of both control- andM6P-IGF2R-silenced cells, proba-
bly representing cell surface-bound Plg (arrowheads in Fig. 6C).
On the other hand, we found partially overlapping intracellular
punctuate accumulations of Plg and Tf, a marker for early sort-
ing and recycling endosomes (40), indicating partially common

endocytic pathways. Notably, upon M6P-IGF2R-silencing
these intracellular colocalization areas markedly decreased
(arrows in Fig. 6C), which further supports the role of M6P-
IGF2R in Plg uptake.
Finally, we tested on Plg uptake the effect of peptide 18–36

(pep18–36) derived from the Plg-binding site within the ami-
no-terminal region of M6P-IGF2R. Previously we showed that
pep18–36 blocked binding of Plg to uPA and inhibited Plg acti-
vation (41). Surprisingly, pep18–36 enhanced Plg internaliza-
tion by about 114% in control- and 85% inM6P-IGF2R-silenced
cells. Upon treatment with monensin, the enhancement in Plg
uptake was only 52% in control-silenced cells and blunted com-
pletely in M6P-IGF2R-silenced cells (Fig. 7). Also, tranexamic
acid, an inhibitor of lysine-dependent binding of Plg to its
receptors, blunted Plg internalization. These results suggest
that binding of Plg via the amino-terminal region of M6P-
IGF2R induces further binding so that its internalization is
enhanced.

DISCUSSION

Previously, we have provided evidence that M6P-IGF2R
serves as a regulator of pericellular proteolysis. The expres-
sion of M6P-IGF2R both facilitates the proteolytic cleavage
of uPAR, thus leading to the loss of uPA binding and subse-
quently to the blunted Plg activation and cell migration (21),

FIGURE 4. Analysis of M6P-IGF2R complexes activating Plg in vivo. A, control (shCTR)- and M6P-IGF2R-silenced (shM6P-IGF2R) TCL-598 cells were incubated
for 30 min with human Glu-Plg (50 nmol/liter) on ice followed by an additional 60-min incubation without Plg at 37 °C. Then the cells were solubilized in
detergent Triton X-100, and the cell lysates were subjected to size exclusion using a Superose 6 column. Individual fractions were assayed for plasmin activity
in the presence of the chromogenic plasmin substrate S-2251 (0.8 mmol/liter) as described in Fig. 3A. The absorbance change at 405 nm was monitored after
18 h by using a 96-well plate reader. B, the fraction samples were analyzed by SDS-PAGE followed by immunoblotting (IB) with rabbit polyclonal anti-plasmin
Ab. In some settings the cells were preincubated with monensin (30 �mol/liter).
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and down-regulates �V�3 integrin expression (21). Further-
more, we have demonstrated that soluble M6P-IGF2R also
dampens Plg activation on the cell surface (41). Here, we
complement these data by showing that M6P-IGF2R medi-
ates Plg internalization.
Our results obtained from lipid raft flotation analysis indi-

cate that M6P-IGF2R is not implicated in the uPAR partition-
ing into lipid rafts (Fig. 1). The distribution ofM6P-IGF2R after
sucrose density gradient centrifugation is similar to the trun-
cated form of uPAR (D2D3), which is in line with our previous
finding that M6P-IGF2R facilitates the cleavage of uPAR yield-
ing the truncated D2D3 fragment incapable of binding most
uPAR ligands (21). Furthermore we show by size-exclusion
chromatography of in vivo activated plasmin (Fig. 4) that the
intermediate molecular mass complex-linked plasmin activity
correlates with full-length uPAR seen in the M6P-IGF2R-si-
lenced cells; in the corresponding fractions obtained from
M6P-IGF2R-positive cells both uPARwasmore cleaved andPlg
activation reduced. These results support our previous data and

demonstrate that within this molecular environment M6P-
IGF2R approximates plasmin to uPAR for D1 release as nega-
tive feedback regulation of Plg activation (21). Gel filtration
fractions obtained with N-dodecyl-D-maltoside, a detergent
that solubilizes lipid rafts, display the elevated capability of Plg
activation in comparison to the fractions derived from the lipid
raft preserving detergent Triton X-100 (Fig. 3A), which falls
into linewith recent findings indicating that lipid rafts are small
entities preserving certain lipid-modified receptors in lipid
shells, thereby preventing their interaction with potential other
partners (42, 43).
Upon M6P-IGF2R silencing, plasmin activated in vivo shifts

both from the EEA1-containing high molecular mass and from
the Rab11-containing lower molecular mass fractions to the
intermediate molecular mass fractions. The latter are enriched
in uPAR and �V�3 integrin, suggesting that they mostly repre-
sent parts of the plasma membrane. Strikingly, we found the
same redistribution of plasmin activation from high as well as
low molecular mass endosomal complexes to the intermediate

FIGURE 5. Effect of M6P-IGF2R silencing on Plg internalization in mouse fibroblasts. A, shown is characterization of uPAR/M6P-IGF2R mouse fibroblast (MF)
transductants. A retroviral system was used for gene transfer and expression of human M6P-IGF2Rwt and human M6P-IGF2RK25T in murine M6P-IGF2R-knock
out mouse fibroblasts (M6P-IGF2RKOMF) expressing human uPAR. Cell surface expression of the receptors was verified by flow cytometry using mAb specific to
M6P-IGF2R (mAb MEM-238-APC) and uPAR (H2-AF647). B, for the binding assay, 5 �g/ml purified Glu-Plg or soluble uPAR were coated on wells of a plastic plate
in PBS. Then the wells were blocked with BSA and incubated for 4 h on ice with binding buffer supplemented with 5 �g/ml purified M6P-IGF2Rwt or
M6P-IGF2RK25T. Bound material was analyzed by SDS-PAGE, and immunoblotting (IB) with mAb specific to M6P-IGF2R (mAb MEM-238) is shown. C, pre-cooled
murine M6P-IGF2R-negative mouse fibroblasts expressing human uPAR and M6P-IGF2Rwt or M6P-IGF2RK25T were incubated for 20 min on ice with fluores-
cently labeled Plg-AF488 (100 nmol/liter) and the anti-M6P-IGF2R MEM-238-APC (5 �g/ml) and then incubated for various time intervals at 37 °C. After acid
stripping, the cells were analyzed by flow cytometry for the remaining molecules. Geometric mean fluorescence intensity values are shown as a measure of
internalization.

M6P-IGF2R Controls Plasminogen Uptake

22458 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 27 • JUNE 29, 2012



plasma membrane fractions when we treated the cells with
monensin, an inhibitor of protein transport and recycling (Figs.
3 and 4). The similar effects on plasmin distribution of both
M6P-IGF2R-silencing and monensin treatment suggest that
M6P-IGF2R functions as a receptor for Plg internalization. It is
possible that these complexes might be scaffolds to control the
activity of the highly potent plasmin by either internalization
and/or by mediating intracellular activation (44). Notably,

endosomes not only represent an important compartment in
endocytosis, but also they have been identified as a compart-
ment wherein physiological and specific proteolysis could
occur (45–47); an intriguing possibility that Plg could be pro-
teolytically converted to plasmin inside specific endosomal
compartments, its physiological relevance, and a molecular
mechanism whereby M6P-IGF2R would control this conver-
sion remain to be followed.

FIGURE 6. Effect of M6P-IGF2R silencing on Plg internalization in human cell lines. A, shown is expression of M6P-IGF2R on the surface of M6P-IGF2R-
silenced (shM6P-IGF2R) versus control-silenced (shCTR) TCL-598 and THP-1 cells. mAb MEM-238 conjugated to APC was used as a specific mAb. B, precooled
control-silenced and M6P-IGF2R-silenced TCL-598 and THP-1 cells were subjected to the internalization assay with Plg conjugated to AF488 (100 nmol/liter)
and the anti-M6P-IGF2R MEM-238-APC (5 �g/ml). C, confocal microscopy was used to investigate Plg uptake in TCL-598 cells silenced for M6P-IGF2R (shM6P-
IGF2R) and in control silenced cells (shCTR). The cells were incubated for 20 min at 37 °C with labeled Plg (Plg-AF488), transferrin (Tf-AF546), and the mAb
MEM-238-AF647. Subsequently, medium was discarded, the cells were rinsed, fixed, and permeabilized, and nuclei were visualized with DAPI. The left panels
show the phase contrast images with the inset panels showing the confocal fluorescent images of the anti-M6P-IGF2R mAb MEM-238-AF647 (blue). The middle
panels show the merged confocal fluorescent images of Plg-AF488 (green) and transferrin-AF546 (red); colocalization areas appear yellow (arrows); the
arrowheads point to Plg aggregates on the cell surface. The right panels show the magnified insets from the middle panels. DAPI is shown in gray. Scale
bars � 20 �m.
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Our results obtained from BN/SDS-PAGE and in particular
from gel filtration analysis underscore a crucial role of the cell
membrane protein assemblies associated to uPAR in Plg acti-
vation and propose a function for M6P-IGF2R in controlling
Plg uptake (Figs. 3 and 4). Hitherto uPAR has been known to be
internalized through endocytic compartments either in a LDL
receptor-related protein-1-dependent or independent manner
(48). In the former pathway, uPAR undergoes internalization
when engaged with its ligand uPA complexed with plasmino-
gen activator inhibitor-1 (49–51). For the latter pathway sev-
eral direct uPAR membrane partners have been suggested to
internalize uPAR including the urokinase receptor-associated
protein uPARAP/endo180 (52) and also M6P-IGF2R (53),
althoughwe and others have previously found thatM6P-IGF2R
did not significantly participate in the internalization of uPAR
(21, 54). M6P-IGF2R-dependent Plg internalization would
comprise an additional level to control pericellular Plg activa-
tion. However, our internalization assays clearly reveal that,
first, RNAi with M6P-IGF2R expression in TCL-598 and
THP-1 has led to no more than an �40% decrease in Plg inter-
nalization and, second, re-expression of humanM6P-IGF2R in
M6P-IGF2R-negative mouse fibroblasts has resulted in a com-
parable increase over the basal Plg internalization. Thus Plg is
constitutively endocytosed also independently of M6P-IGF2R.
Many heterogeneous Plg receptors have been characterized

up to now, including cytokeratin 8 (55), annexinA2 (56), dipep-
tidyl peptidase IV (57), S100A10 (58), Plg-R(KT) (5), prion (59),
and others (for reviews, see Refs. 10, 13, and 60). A vastmajority
of these receptors potentiate plasmin generation. On the other
hand, little is known about negative regulators on the cellmem-
brane. It has been shown that a direct interaction between uPA
and Plg is necessary for Plg activation on cells (61, 62); hence,
LDL receptor-related protein-1 that internalizes the uPA�
plasminogen activator inhibitor-1�uPAR complex and recycles
back to the plasma membrane (51) might be involved in Plg
clearance as well. Another feasible candidate could be VLDL
receptor, which has been shown tomediate endocytosis of lipo-
protein(a) whose component apolipoprotein(a) is highly simi-
lar to Plg (63). Future studies should identify receptors that, in
addition toM6P-IGF2R, do play a role in the endocytosis of Plg.

Finally, by using truncated variants of M6P-IGF2R we have
previously identified a sequence within domain 1 of M6P-
IGF2R responsible for Plg binding (18). This sequence is similar
to the Plg binding region of streptokinase (18), and a related
epitope was found also in human fibronectin (64). Because we
have shown that M6P-IGF2R binds Plg in a lysine-dependent
manner (17), we suggested that lysines encompassedwithin this
regionmight be determinants for Plg binding. There are several
evolutionary conserved lysines in this region. Here, we partic-
ularly scrutinized Lys-25 of humanM6P-IGF2R and assayed its
role in Plg binding and internalization. In contrast to Bohnsack
et al. (65) who used in a site-directedmutagenesis study soluble
recombinant truncated variants of bovine M6P-IGF2R, we
applied the full-length human M6P-IGF2R expressed in M6P-
IGF2R-negative mouse fibroblasts stably expressing human
uPAR. M6P-IGF2RK25T was nevertheless expressed at the
much lower level than M6P-IGF2Rwt (Fig. 5B), which could be
due to the inferior stability of themutant receptor. It is possible
that amissfolding of the protein caused by themutation leads to
a higher degradation rate. Bohnsack et al. (65) have demon-
strated that Lys-53 located in domain 1 together with Lys-125
located in the loop connecting domains 1 and 2 of bovineM6P-
IGF2R are crucially implicated in Plg binding. Lysines 53 and
125 in bovine M6P-IGF2R correspond to lysines 49 and 121 in
human M6P-IGF2R. Nevertheless, crystal structure studies
demonstrate that Lys-29 (human Lys-25) located on �1-sheet
strand of domain 1 together with two lysines, Lys-132 (human
Lys-128) and Lys-215 (human Lys-211), in domain 2 of bovine
M6P-IGF2R are situated on a same crevice of the molecule,
presumably interactingwith Plg (20). Indeed, althoughwe show
a reduction in M6P-IGF2RK25T binding to Plg (Fig. 5C), the
Lys-25 mutation was not sufficient to abolish the binding com-
pletely, which is in line with the aforementioned observations
made by Bohnsack et al. (65). It is, therefore, reasonable that
multiple clefts within M6P-IGF2R are implicated in Plg bind-
ing, and several lysines in this region are necessary for recogni-
tion by Plg via lysine-binding sites. Irrespective of this, accord-
ing to our results M6P-IGF2RK25T does not render cells with
the capacity to facilitate Plg internalization due to the low
expression level rather than the impaired binding to Plg.
The notion that multiple binding sites might be involved in

Plg uptake is further strengthened by our finding that the pep-
tide derived from the Plg-binding site in domain 1 of M6P-
IGF2R, peptide 18–36 (pep18–36), induces Plg internalization.
Upon monensin treatment the enhanced Plg uptake by
pep18–36 was blunted in M6P-IGF2R-silenced cells (Fig. 7).
This finding provides another strong indication for involve-
ment of M6P-IGF2R in Plg uptake and also widens our view on
the pharmacological potential of pep18–36 because its inhibi-
tory effect on neovascularization and tumor growth is obvi-
ously not restricted to a blockade of binding of Plg to uPA as
originally described by us (41).Wehypothesize that the binding
of Plg via this particular region changes the conformation of Plg
so that the latter binds subsequently to further sites encom-
passed either within M6P-IGF2R itself or other Plg binding
receptors, which ultimately amplifies its internalization. We
will test this possibility in future studies.

FIGURE 7. Effect of inhibitors and M6P-IGF2R-derived peptide 18 –36 on
Plg internalization in the TCL-598 cell line. Control-silenced (shCTR) and
M6P-IGF2R-silenced (shM6P-IGF2R) TCL-598 cells were preincubated at 37 °C
for 60 min with or without monensin (30 �mol/liter) and then subjected for 90
min to the internalization assay with Plg-AF488 (100 nmol/liter) as described
in Fig. 6 in the presence of either peptide 18 –36 (pep18 –36; 20 �mol/liter),
control scrambled peptide (pepSCR; 20 �mol/liter), or tranexamic acid (TA; 5
mmol/liter). Values of internalization were calculated as percentage differ-
ences in the geometric mean fluorescence intensity values relative to the
geometric mean fluorescence intensity value (MFI) obtained for control cells
without any additives (100%).
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Taken together, direct interactions of M6P-IGF2R with
uPAR andwith Plg, as shown by us elsewhere (18, 21, 41) and in
the present study, might provide a control to restrict plasmin
activity to specific time and sites and thus to prevent unfavor-
able degradation of the surrounding structures during cell
migration. Furthermore, these interactionsmight be important
for the processing of specific substrates, such as latent trans-
forming growth factor � (17, 19) or uPAR itself (21). On the
other hand, in the absence ofM6P-IGF2R, Plg activationmight
occur uncontrolled, and thus the loss of proper M6P-IGF2R
function would lead to disabled regulation of fibrinolysis.
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