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Tumor overexpression of urokinase-type plasminogen activa-
tor (uPA) and its specific inhibitor SerpinE1 (plasminogen acti-
vator inhibitor type-1) correlates with poor prognosis and
increasedmetastatic potential. Conversely, tumor expression of
uPA and another specific inhibitor, SerpinB2 (plasminogen
activator inhibitor type-2), are associated with favorable out-
come and relapse-free survival. It is not known how overexpres-
sion of these uPA inhibitors results in such disparate outcomes.
A possible explanation may be related to the presence of a pro-
posed low density lipoprotein receptor (LDLR)-bindingmotif in
SerpinE1 responsible for mitogenic signaling via ERK that is
absent in SerpinB2. We now show that complementation of
such a LDLR-binding motif in SerpinB2 by mutagenesis of two
key residues enabled high affinity binding to very LDLR
(VLDLR). Furthermore, the VLDLR-binding SerpinB2 form
behaved in a manner indistinguishable from SerpinE1 in terms
of enhanced uPA-SerpinB2 complex endocytosis and subse-
quent ERK phosphorylation and cell proliferation; that is, the
introduction of the LDLR-bindingmotif to SerpinB2was neces-
sary and sufficient to allow it to acquire characteristics of Ser-
pinE1 associated with malignancy. In conclusion, this study
defines the structural elements underlying the distinct interac-
tions of SerpinE1 versus SerpinB2 with endocytic receptors and
how differential VLDLR binding impacts on downstream cellu-
lar behavior. This has clear relevance to understanding the par-
adoxical disease outcomes associated with overexpression of
these serpins in cancer.

SerpinE1 (plasminogen activator inhibitor type-1, PAI-1)4
and SerpinB2 (plasminogen activator inhibitor type-2, PAI-2)

are both efficient inhibitors of the urokinase-type plasminogen
activator (uPA), a key enzyme in the tissue remodeling process.
Combined tumor overexpression of uPA, its receptor (uPAR),
and SerpinE1 (serine protease inhibitor E1) is strongly corre-
lated with poor patient prognosis (1–3) and metastatic potential
(4–8). Consequently, uPA and SerpinE1 expression is recom-
mended as an independent prognostic indicator in node-negative
breast cancer (9).Onthecontrary, tumorexpressionofSerpinB2 is
correlated with increased relapse-free survival in breast cancer
(and possibly other cancer types) (10). Further, the relationship
between outcome and high SerpinB2 levels in node-negative
breast cancer is only relevant if uPA levels are also elevated (1, 11),
suggesting that the inhibitory relationship between uPA and Ser-
pinB2mediates this functionality.
Binding of uPA to uPAR has been reported to induce the

activation of numerous cell type-specific signaling pathways,
such as MAPK/ERK, JAK/STAT, Src, focal adhesion kinase,
and Rac, thereby affecting cell adhesion, migration, differenti-
ation, and apoptosis (12). Because uPAR is not a transmem-
brane protein, being linked to the cell surface by a glycosylphos-
phatidylinositol anchor, uPA/uPAR signaling is mediated by
integrins and several other adaptor molecules, including mem-
bers of the lowdensity lipoprotein receptor (LDLR) superfamily
(12–15). Both SerpinE1 and SerpinB2 efficiently inhibit uPA in
solution and at the cell surface (16–18) through the formation
of covalent, irreversible enzyme-substrate complexes. Follow-
ing the formation of an inhibitory complex at the cell surface,
uPA-Serpin complexes are rapidly cleared via LDLR-mediated
endocytosis (18–21). Inhibition of uPA by SerpinE1 has previ-
ously been shown to modulate uPA/uPAR signaling, resulting
in sustained activation of the MAPK/ERK signaling pathway in
both MCF-7 and SGC7901 cells (22, 23), leading to increased
cell growth (23) and expression of MMP-2 and MMP-9 (22) in
these cell lines, respectively.Webb et al. (23) demonstrated that
this promitogenic activity was dependent on the direct, high
affinity interaction between the SerpinE1 moiety of the uPA-
SerpinE1 complex and the very low density lipoprotein recep-
tor (VLDLR). We have previously demonstrated that SerpinB2
does not initiate these signaling events following uPA inhibi-
tion and VLDLR-mediated endocytosis (21), and SerpinB2
(unlike SerpinE1) does not bind directly to LDLRs (20, 21).
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Additionally, the affinity and mechanism of interaction
between uPA-SerpinB2 complex and LDLRs ismarkedly differ-
ent from that of uPA-SerpinE1 (20, 21, 24). Numerous studies
have identified several positively charged residues within
(Lys69, Arg76, and Lys80) and nearby (Lys88, Arg118, and Lys122)
�-helix D of SerpinE1 that contribute to the high affinity bind-
ing of uPA-SerpinE1 with LDLRs (24–27). In addition, �-helix
D of SerpinE1 contains a proposed LDLR minimal binding
motif consisting of two basic residues (Arg76 and Lys80)
separated by two to five residues and N-terminally flanked by
hydrophobic residues (Leu75 and Tyr79) (28) (see Fig. 1A). Our
previous analysis suggested that the decreased affinity of uPA-
SerpinB2 may be due to an incomplete LDLR-binding motif
within �-helix D of SerpinB2, in which the first hydrophobic/
basic amino acid pair is conserved, whereas the second pair is
replaced by serine residues (21) (see Fig. 1A). Indeed, previous
studies using a mutant form of SerpinE1 with an incomplete
LDLR-binding motif (R76E) observed decreased LRP1 (low
density lipoprotein receptor related protein-1) and VLDLR
binding affinity and hence functional outcomes (21, 23, 25).We
hypothesized that SerpinB2 may inhibit and clear cell surface
uPA (and hence proteolytic activity) without influencing the
promitogenic signaling pathways activated via SerpinE1, thus
accounting for the differential prognosis associated with the
expression of these serpins in tumors (10, 21). Herein, we show
that VLDLR and LRP1 binding can be introduced to SerpinB2
by complementation of the LDLR-bindingmotif within �-helix
D. This has profound impact on the functionality of SerpinB2.

EXPERIMENTAL PROCEDURES

Materials—QuikChange site-directed mutagenesis kit was
from Stratagene (La Jolla, CA). The Alexa 488 labeling kit and
Alexa 488 quenching polyclonal antibodywere from Invitrogen
(Carlsbad, CA). Z-Gly-Gly-Arg-AMC was from Calbiochem
(San Diego, CA). HMW-uPA was from American Diagnostica
(Stamford, CT). Protease inhibitor mixture, glutamine, trans-
ferrin, and seleniumwere from Sigma-Aldrich. SerpinE1 14-1B
stable mutant and purified human receptor-associated protein
(RAP) were from Molecular Innovations (Novi, MI). Antibod-
ies to ERK and phosphorylated ERK were from Cell Signaling
Technology (Danvers, MA). The recombinant human VLDLR
ligand-binding region (V1–V7) was a gift from Prof. Dieter
Blass (University of Vienna, Vienna, Austria). Human purified
placental LRP1 was a kind gift from Prof. Phillip Hogg (Univer-
sity of New South Wales, Sydney, Australia). Both VLDLR and
LRP1 were �95% pure as determined by SDS-PAGE (data not
shown).
Cell Lines—The human breast adenocarcinoma (MCF-7)

and human prostate carcinoma (PC-3) cell lines were obtained
from American Type Culture Collection (Manassas, VA) dis-
tributed by Cryosite (Sydney, Australia). All of the cell lines
were routinely cultured as previously described (21, 29). The
cells were routinely tested for the absence of mycoplasma con-
tamination and reconfirmed for the presence of VLDLR and
absence of LRP1 (MCF-7) or vice versa (PC-3) as well as for the
presence of uPAR by immunofluorescence staining as previ-
ously described (20, 21). Both cell lines also express negligible
levels of either Serpin (20, 21).

Protein Structure Modeling—Molecular modeling and figure
preparation was performed using structural coordinates
obtained from x-ray crystal structures of the relaxed conforma-
tions of SerpinE1 (30) (Protein Data Bank code 9PAI) and Ser-
pinB2 �CD-loop (31) (Protein Data Bank code 2ARQ) and
PyMol (DeLano Scientific, Palo Alto, CA).
Site-directed Mutagenesis of SerpinB2 �CD-loop—Residues

of SerpinB2 were replaced with the corresponding residues of
SerpinE1 on the pQE9/SerpinB2 �CD-loop backbone (29),
with the QuikChange site-directed mutagenesis kit using the
following mutagenic primers (paired with their complements):
D101K, 5�-GAAGTGGGAGCCGCTGCAAAGAAAATCCA-
TTCATCCTTCC-3�; S111Y, 5�-CATTCATCCTTCCG-
CTCTCTCTATAAGGCAATCAATGCATCCAC-3�; S112K,
5�-CATCCTTCCGCTCTCTCAGCAAGGCAATCAATGC-
ATCCACAGG-3�; and N120K, 5�-CAATCAATGCATCCAC-
AGGGAAGTATTTACTGGAAAGTGTCAATAAG-3�. Each
construct was confirmed by DNA sequencing before expres-
sion in Escherichia coli and purification as previously described
(29). The SerpinB2 �CD-loop backbone was used for all Ser-
pinB2 forms because removal of the CD-loop of SerpinB2
allows for easier purification of protein without compromising
the inhibitory activity or LDLR binding affinity of SerpinB2
(29).
Preparation of uPA-Serpin Complexes uPA—Serpin com-

plexes were prepared as previously described (23). Briefly, uPA
and SerpinE1 or SerpinB2 forms were incubated at a 1:1 molar
ratio for 30min at 37 °C. Fractionation of samples of complexes
by SDS-PAGE confirmed the presence of uPA-Serpin com-
plexes withminimal/negligible residual-free protease or Serpin
(data not shown).
Surface Plasmon Resonance—Surface plasmon resonance

was performed essentially as previously described (20, 21,
29). VLDLR or LRP1 were loaded onto CM5 BIAcore sensor
chips to a level of �2000 response units. Analytes were
diluted into BIAcore running buffer (10 mM Hepes, pH 7.4,
150 mM NaCl, 1 mM CaCl2, 0.005% Tween 20) and run over
the chip at 20 �l/min. Between samples, the sensor surface
was regenerated with 100 mM H3PO4. The data were ana-
lyzed using BIAevaluation software (Version 4), using a
blank cell as the reference cell. Where multiple CM5 chips
were used, the results were validated against control chips
and samples to ensure reproducibility.
Far-UV Circular Dichroism Spectrometry—The proteins

were buffer-exchanged by dialysis into 10 mM sodium phos-
phate immediately prior to analysis and diluted to a concentra-
tion of 0.4mg/ml. Far-UV circular dichroism spectrometry was
performed using a J-810 spectropolarimeter (Jasco, Easton,
MD) equipped with a thermoelectric temperature control at
25 °C. The spectra were collected from 190 to 240 nm at 0.1-nm
intervals, with each spectrum representing the average of 10
scans and a sample of 10 mM sodium phosphate serving as a
reference.
Activity Assay—Several substrate and uPA concentrations

were used to find the optimum range and to set the gain on a
Fluorostar Optima fluorescence plate reader (BMG Labtech).
SerpinB2 samples were diluted in reaction buffer (20 mM

Hepes, pH 7.6, 100mMNaCl, 0.5mMEDTA, 0.01% (v/v) Tween
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20) and mixed with fluorogenic substrate, Z-Gly-Gly-Arg-
AMC, in 180�l of reaction buffer. After a brief preincubation at
37 °C, HMW-uPA (final concentration, 0.675 nM) was added to
start the reaction, and fluorescence emission was measured
immediately at 37 °C. All of the assays were performed in trip-
licate, and the values were corrected by subtracting the back-
ground (reaction buffer plus substrate only).
Endocytosis Assay—Cell internalization of Alexa488-labeled

uPA alone or in complex with either SerpinE1 or SerpinB2
forms was conducted in the absence or presence of the LDLR
antagonist RAP (to confirm the involvement of LDLRs in this
process) essentially as described previously (21, 29).
Analysis of ERK Activation—Activation of ERKwas analyzed

as described previously (23).MCF-7 cells were grown in 12-well
plates to �60% confluency and serum-starved for 12 h. The
cells were incubated with 10 nM uPA or uPA-Serpin complexes
for the time periods indicated. The cells were lysed with radio-
immune precipitation assay buffer (50 mM Hepes, pH 7.4, 100
mM NaCl, 1% (v/v) Nonidet P-40, 2 mM EDTA, 0.4 mg/ml
sodium orthovanadate, 5 mg/ml dithiothreitol, 1 ml/L protease
inhibitor mixture), electrophoresed on 12% SDS-PAGE gels,
transferred to PVDF membranes, and probed with antibodies
that detect phosphorylated and total ERK.
Cell Proliferation Assay—Cell proliferation was examined in

real time using the xCELLigence RTCA DP System (Roche
Applied Science). The xCELLigence system allows continuous
quantitative monitoring of cellular behavior including prolifera-
tion bymeasuring electrical impedance.MCF-7 cells were seeded
at 5000 cells/well into E-Plate 16-well plates and cultured for 24 h.
The medium was replaced with 100 �l of serum-free RPMI con-
taining 300�g/ml glutamine, 5�g/ml transferrin, and 38 nM sele-
nium in the presence of 10 nM uPA, uPA-Serpin complexes, or
mediumalone.Proliferationwas continuouslymonitoredevery15
min over a time period of 72 h. Data analysis was carried out using
RTCA Software 1.2.1 supplied with the instrument.
Statistical Analyses—Statistical significance of treatment

groups as compared with control groups was determined using
an unpaired Student’s t test (GraphPad Prism V 5.1; GraphPad
Software, San Diego, CA). p values of �0.05 were considered
statistically significant.

RESULTS

Structural Comparison Indicates Absence of a Consensus
LDLR-binding Motif in SerpinB2—The surface charge and
topology of the region defining the consensus LDLR-binding
motif on �-helix D of SerpinE1 are clearly different from the
corresponding region of SerpinB2 (Fig. 1, B–E). Hence, the dif-
ferential binding to LDLRs and subsequent functional effects of
SerpinE1 and SerpinB2 may be due to an incomplete LDLR-
bindingmotif within SerpinB2 (10). To directly investigate this,
we substituted residues of SerpinB2 with those corresponding
to either the LDLR-binding motif within �-helix D of SerpinE1
and/or others previously identified as important for LDLR
bindingwithin or adjacent to�-helix D of SerpinE1 (24–26, 32)
(Fig. 1, A–C). These residues were introduced into SerpinB2
�CD-loop in a stepwise manner to generate relevant single or
compound mutants defined as indicated in Fig. 1A. Substitu-
tion of Ser111 and Ser112 in SerpinB2 with tyrosine and lysine,

respectively (corresponding to Tyr79 and Lys80 in SerpinE1), to
generate SerpinB2YK completed a potential LDLR minimal
binding motif in SerpinB2 (Fig. 1A). SerpinB2YK and other
mutants retained relative secondary structure and full inhibi-
tory activity (supplemental Figs. S1 and S2).
Biochemical Characterization of LDLR-binding SerpinB2

Mutants—The panel of SerpinB2 mutants described in Fig. 1A
were first assessed for their ability to bind directly to VLDLR
using surface plasmon resonance methodology (Fig. 2). As pre-
viously demonstrated (21), SerpinB2 alone did not interact with
VLDLR (Fig. 2A). VLDLR binding was also not observed for
SerpinB2 mutants with incomplete LDLR minimal binding
motifs (i.e. SerpinB2K1, SerpinB2K2, or SerpinB2KK) (Fig. 2A).
Urokinase-independent binding to VLDLR was only achieved
by SerpinB2 mutants containing a complete LDLR minimal
binding motif (i.e. SerpinB2YK and SerpinB2KYK) (Fig. 2A).
Dose-dependent kinetic analysis gave affinity constants (KD) of
37.3 and 50.1 nM for SerpinB2YK and SerpinB2KYK, respectively
(Table 1).
Kinetic analyses of VLDLR interactions with uPA-SerpinB2

(Fig. 2B and Table 1) or uPA-SerpinB2K2 and uPA-SerpinKK
(data not shown) confirmed the single-site binding model
anticipated for uPA complexes incorporating non-VLDLR
binding SerpinB2 forms (21). In contrast, the interactions be-
tween VLDLR and uPA complexes incorporating the VLDLR
binding SerpinB2YK or SerpinB2KYK forms were best described
by a heterogeneous analyte model with two independent, com-
peting binding sites on the complex with KD values of 1.35 and
70.1 nM for uPA-SerpinB2YK and 1.53 and 51.2 nM for uPA-
SerpinB2KYK (Fig. 2, C and D, and Table 1). As previously
observed (21), uPA-SerpinE1 also best fits this binding model
for interactionwith VLDLR (Fig. 2E) and gaveKD values similar
to those observed for uPA-SerpinB2YK and uPA-SerpinB2KYK

(Table 1).
We have previously compared the differential binding inter-

actions of uPA-SerpinE1 and uPA-SerpinB2 with a related
LDLR family member, LRP1 (20). Again, although SerpinB2
alone did not bind (data not shown), kinetic analyses of uPA-
SerpinB2 binding to LRP1 confirmed the single site binding
model interaction (KD � 1.02 nM) (Fig. 3A and Table 2). Inter-
estingly, unlike that seen for VLDLR binding, the interaction
between the uPA-SerpinB2YK complex and LRP1 displayed
kinetics different from those observed for uPA-SerpinE1 (uPA-
SerpinE1KD � 0.252 and 2.13 nM; uPA-SerpinB2YKKD � 0.808
and 57.8 nM) (Fig. 3B and Table 2). Because Skeldal et al. (24)
found that Lys88 of SerpinE1 (referred to as Lys90 in their study)
is critical for the interaction between uPA-SerpinE1 and LRP1
(but not VLDLR), we generated an additional mutant
(SerpinB2YKK) replacing the asparagine at position 120 (corre-
sponding to Lys88 of SerpinE1) with lysine (Fig. 1A). The uPA-
SerpinB2YKK complex displayed strikingly similar LRP1 bind-
ing affinities to uPA-SerpinE1, with the high and lower affinity
interactions (KD � 0.128 and 2.72 nM) not significantly differ-
ent from those of uPA-SerpinE1 (Table 2). However, it should
be noted that individual ka and kd values were significantly dif-
ferent (Fig. 3, C and D, and Table 2), indicating subtle differ-
ences in interaction mechanics that may reflect variations in
local surface potential and/or steric effects. Importantly, these
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differences had negligible impact on overall binding affinities
and downstream functional outcomes (see below).
Introduction of LDLR Binding to SerpinB2 Increased uPAR-

mediated Endocytosis—We previously demonstrated that the
affinity of uPA-Serpin complex for LDLRs is a key determinant
of its rate of endocytosis (21), and we again observed signifi-

cantly more uPA-SerpinB2 endocytosis (�4-fold, relative to
uPA alone) by MCF-7 cells in an LDLR antagonist (RAP)-sen-
sitive manner over a 30-min time period (Fig. 4A). Given that
VLDLR is the only LDLR family member expressed by MCF-7
cells, these data reflect the increased affinity of the complex for
VLDLR (Table 1). Accordingly, the RAP-sensitive endocytosis

FIGURE 1. Structural modeling of SerpinE1 and SerpinB2. A, amino acid sequence alignment of the area in and adjacent to �-helix D of SerpinE1 and
SerpinB2. The proposed LDLR minimal binding motif in SerpinE1 is underlined. Residues reported to be important for the interaction between SerpinE1 and
LDLRs (24 –27), and the corresponding residues in SerpinB2 are colored. The colored residues in SerpinB2 were mutated as indicated, resulting in the single
and compound mutant forms that were utilized in this study. All of the SerpinB2 forms were constructed on the SerpinB2 �CD-loop backbone. B–E, ribbon
representation (B and C) and surface representations (D and E) of the relative locations of SerpinE1 residues implicated in LDLR binding and the corresponding
residues in SerpinB2. Analysis was performed using PyMol, SerpinE1 (Protein Data Bank code 9PAI) (30), and SerpinB2 �CD-loop (Protein Data Bank code 2ARQ)
(31).
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of uPA-SerpinB2YK was increased to a level comparable with
that of uPA-SerpinE1 (�7-fold compared with uPA alone) (Fig.
4A). The uPA-SerpinB2KYK complex had no significant impact
on endocytosis over and above that of uPA-SerpinB2YK (Fig.
4A). This result reflected the similar VLDLR binding affinities

of these two complexes (Table 1) and further confirms that
completion of the LDLR-binding motif is necessary and suffi-
cient for enhanced endocytosis via VLDLR.
Further investigation of endocytosis in an LRP1-dependent

cell model (PC-3) showed that the LDLR-binding motif alone

FIGURE 2. Surface plasmon resonance analysis of the interaction between SerpinB2 constructs, SerpinE1, and VLDLR. A, screening of SerpinB2 mutants
for VLDLR binding. Surface plasmon resonance sensograms showing the interaction between 100 nM SerpinB2 mutants or SerpinE1 and immobilized VLDLR.
The data shown are representative of at least three independent experiments. B–E, surface plasmon resonance analysis of the dose-dependent interaction
between uPA complexed SerpinB2 mutants or uPA-SerpinE1 and VLDLR. The data presented here are representative of at least three experiments with analyte
concentrations from 100 to 6.25 nM. All of the SerpinB2 forms were constructed on the SerpinB2 �CD-loop backbone.

TABLE 1
Kinetic parameters of the interaction between SerpinB2 forms used in this study and the endocytosis receptor VLDLR
The values were determined using surface plasmon resonance. The binding data were fitted using BIAevaluation 4.0 software. The binding model chosen represents that
with the lowest �2 value. (The values are the averages � S.E., n � 3). All of the SerpinB2 forms were constructed on the SerpinB2 �CD-loop backbone.

Analyte Binding model ka kd KD �2

M�1 s�1 s�1 nM
SerpinB2 No binding
SerpinB2K1 No binding
SerpinB2K2 No binding
SerpinB2KK No binding
SerpinB2YK 1:1 6.77 � 104 (�2.68 � 104) 1.99 � 10�3 (�0.76 � 10�3) 37.3 (�7.0) 0.97
SerpinB2KYK 1:1 6.68 � 104 (�2.91 � 104) 4.31 � 10�3 (�2.22 � 10�3) 50.1 (�10.2) 1.02
SerpinE1 1:1 8.98 � 104 (�2.1 � 104) 3.51 � 10�3 (�1.97 � 10�3) 45.3 (�11.7) 5.9
uPA-SerpinB2 1:1 4.16 � 105 (�1.80 � 105) 1.36 � 10�3 (�0.23 � 10�3) 4.30 (�0.56) 3.28
uPA-SerpinB2YK Heterogeneous analyte 4.78 � 104 (�0.38 � 104) 3.15 � 10�5 (�1.07 � 10�5) 1.35 (�0.41) 7.6

1.09 � 105 (�0.51 � 105) 5.69 � 10�3 (�1.35 � 10�3) 70.1 (�24.9)
uPA-SerpinB2KYK Heterogeneous analyte 2.01 � 104 (�0.22 � 104) 3.7 � 10�5 (�2.11 � 10�5) 1.53 (�0.43) 4.3

1.66 � 105 (�0.33 � 105) 3.35 � 10�3 (�1.05 � 10�3) 51.2 (�12.9)
uPA-SerpinE1 Heterogeneous analyte 9.01 � 104 (�1.5 � 104) 1.65 � 10�5 (�0.19 � 10�3) 1.48 (�0.30) 9.4

3.55 � 105 (�0.33 � 105) 0.98 � 10�3 (�0.44 � 10�3) 49.5 (�12.6)
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was not sufficient for enhanced endocytosis via LRP1.Although
a small but significant increase in RAP-sensitive uPA-SerpinB2
endocytosis was observed compared with uPA alone, no signif-
icant difference in internalization was observed between uPA-
SerpinB2 and uPA-SerpinB2YK (Fig. 4B). However, the levels of
uPA-SerpinB2YKK and uPA-SerpinE1 endocytosis were simi-
larly significantly enhanced �2.5-fold compared with uPA
alone and �1.6-fold compared with uPA-SerpinB2 (Fig. 4B).
These functional data are entirely consistent with the biochem-
ical data describing the differential interactions of uPA-
SerpinB2YK versus uPA-SerpinB2YKK with LRP1 (Table 2).
Introduction of VLDLR Binding to SerpinB2 Induces Mito-

genic Signaling in MCF-7 Cells—As observed previously (21,
23), the increased ERK phosphorylation in breast cancer cells
by uPA-SerpinE1 compared with uPA is not observed in cells
treated with uPA-SerpinB2 (Fig. 5A), and this effect is poten-
tially caused by a lack of a LDLR minimal binding motif in
SerpinB2. The importance of an intact LDLR minimal binding

motif in facilitating this activity was confirmed, because stimu-
lation of MCF-7 cells with uPA-SerpinB2YK initiated a signifi-
cant increase in ERK phosphorylation (�3.5-fold within 3 min,
relative to uPA alone) (Fig. 5A). The kinetics of ERK phosphor-
ylationwas similar to that observed for uPA-SerpinE1. Further-
more, a correlation (R2 � 0.9790) was observed between
VLDLR affinity and ERK phosphorylation after 3 min of treat-
ment (Fig. 5B).
A downstream functional outcome of sustained ERK phos-

phorylation in MCF-7 cells stimulated by uPA-SerpinE1 is
induction of proliferation (21, 23). Thus,wemeasured the effect
of uPA-SerpinB2YK on MCF-7 cell proliferation in real time
using the xCELLigence system (Fig. 5,C andD). Cell indices for
uPA-SerpinB2YK and uPA-SerpinE1 treatments were distinct
from those observed for cells incubated with uPA or uPA-Ser-
pinB2 (Fig. 5C). Clear proliferative effects were evident over an
extended time frame following the addition of either uPA-
SerpinB2YK or uPA-SerpinE1, as reflected in an apparent loga-

FIGURE 3. Surface plasmon resonance analysis of the interaction between uPA-Serpin complexes and LRP1. Surface plasmon resonance analysis of the
dose-dependent interaction between LRP1 and uPA complexed SerpinB2 mutants as indicated (A–C) and uPA complexed SerpinE1 (D). The data presented
here are representative of at least three experiments with analyte concentrations from 100 to 6.25 nM. All of the SerpinB2 forms were constructed on the
SerpinB2 �CD-loop backbone.

TABLE 2
Kinetic parameters of the interaction between Serpin forms used in this study and the endocytosis receptor LRP1
The values were determined using surface plasmon resonance. The binding data were fitted using BIAevaluation 4.0 software. The binding model chosen represents that
with the lowest �2 value. (The values are the averages � S.E., n � 3). All of the SerpinB2 forms were constructed on the SerpinB2 �CD-loop backbone.

Analyte Binding model ka kd KD �2

M�1 s�1 s�1 nM
uPA-SerpinE1 Heterogeneous analyte 9.52 � 104 (�2.89 � 104) 2.68 � 10�5 (�0.84 � 10�5) 0.252 (�0.087) 8.31

6.09 � 105 (�1.56 � 105) 1.30 � 10�3 (�0.33 � 10�3) 2.13 (�0.56 )
uPA-SerpinB2 1:1 6.74 � 104 (�4.53 � 104) 6.71 � 10�4 (�1.32 � 10�4) 1.02 (�0.54) 3.41
uPA-SerpinB2YK Heterogeneous analyte 1.38 � 105 (�0.48 � 105) 1.9 � 10�5 (�0.87 � 10�5) 0.808 (�0.246) 3.35

1.24 � 105 (�0.44 � 105) 8.06 � 10�3 (�7.41 � 10�3) 57.8 (�39.0)
uPA-SerpinB2YKK Heterogeneous analyte 3.43 � 105 (�1.34 � 105) 3.68 � 10�5 (�1.67 � 10�5) 0.128 (�0.081) 7.32

1.97 � 105 (�1.39 � 105) 1.10 � 10�2 (�1.55 � 10�2) 2.72 (�1.51)
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rithmic phase growth pattern (Fig. 5C). This resulted in a sig-
nificant (�1.6-fold) increase in cell index relative to controls
(media, uPA, or uPA-SerpinB2) after 72 h (Fig. 5D). Interest-
ingly, cell indices following uPA-SerpinB2YK or uPA-SerpinE1
treatment were initially slightly lower than those obtained fol-
lowing treatment with uPA or uPA-SerpinB2. No difference
was observed between cells incubated with uPA or uPA-Ser-
pinB2 (Fig. 5,C andD), with both reaching a plateau between 12
and 36 h post-treatment before declining, suggesting a decrease
in cell number.

DISCUSSION

This study provides the first molecular characterization of
key structural elements that define the differential interactions
of SerpinE1 and SerpinB2 with LDLR receptors and their func-
tional implications for downstream mitogenic signaling and
cell proliferation. Completion of the LDLR-binding motif in
SerpinB2 to match a corresponding motif in SerpinE1 comple-
mented SerpinB2 activity with the promitogenic function of
SerpinE1 (when complexed with uPA). Thus, we suggest that

the high LDLR binding affinity and endocytosis rate of uPA-
SerpinE1 are part of the repertoire of effects attributable to the
promitogenic function of SerpinE1. This partly explains why,
despite a shared serpin inhibitory function, high tumor levels of
uPA and SerpinE1 promote tumor progression, whereas high
levels of SerpinB2 are protective (10).
We and others have previously reported the existence of a

strong correlation between the affinity of uPA-Serpin com-
plexes for VLDLR and uPA-Serpin endocytosis (21, 23) and
suggested that VLDLR affinity may be the rate-limiting deter-
minant of uPA/uPAR clearance from the cell surface (21). In
comparison with uPA-SerpinE1, the uPA-SerpinB2YK complex
displayed similar binding affinity to VLDLR and was internal-
ized via this endocytosis receptor in a similar manner. The
importance of the LDLR-binding motif in increasing the
VLDLR binding affinity and enhanced endocytosis was con-
firmed by the lack of a significant impact of uPA-SerpinB2KYK
over and above that of uPA-SerpinB2YK. Because members of
the LDLR family have overlapping yet distinct ligand specifici-
ties (33), the presence of the LDLRminimal bindingmotif alone
was not sufficient to introduce binding to LRP1. Skeldal et al.
(24) reported that Lys88 was critical for the interaction of Ser-
pinE1 with LRP1. Consistent with this, modification of Asn120
in SerpinB2 (corresponding to Lys88 in SerpinE1), in conjunc-
tion with a complete LDLRminimal binding motif, produced a
SerpinB2 form (i.e. SerpinB2YKK) with LRP1 binding kinetics
and LRP1-mediated endocytosis similar to those of uPA-Ser-
pinE1. These observations confirm that LDLR affinity is the
rate-limiting step of uPA-Serpin endocytosis.
Webb et al. (23) demonstrated that the affinity of uPA-Serpin

complexes for VLDLR is correlated with sustained activation of
ERK and increased cell proliferation in MCF-7 cells. We have
now shown that SerpinB2 function can be complemented with
the VLDLR binding and downstream functional activity asso-
ciatedwith SerpinE1 by completion of the LDLRminimal bind-
ing motif within �-helix D. As such, it is clear that VLDLR
affinity is the key property underlying the differences in ERK
activation and subsequent effects on cell proliferation between
uPA-SerpinE1 and uPA-SerpinB2. Given this, it was unneces-
sary to investigate the impact of uPA-SerpinB2KYK (or other
SerpinB2 mutants generated with incomplete LDLR-binding
motifs) on mitogenic signaling, because the VLDLR binding
affinity of this complex was indistinguishable from that of uPA-
SerpinB2YK. Direct binding of SerpinE1 to LRP1 has also been
demonstrated to activate the JAK/STAT pathway, leading to
increased cell motility (34). However, because the prognostic
data for SerpinE1 is only significant in tumors also expressing
uPA (1–3, 35), the impact of complementing SerpinB2 with
LRP1 binding on the activation of this pathway was not inves-
tigated in this study.
Although high affinity binding of uPA-Serpin complexes to

VLDLR is clearly vital for the induction of downstream ERK
activation, it is important to note that high affinity binding of
any ligand to VLDLR will not necessarily induce the same
response. This is particularly highlighted by the high affinity
interaction of RAP with VLDLR (KD � 0.7 nM) (36), which fails
to induce downstreamERKactivation and cell proliferation (21,
23). Therefore, the rapid formation of a multimolecular com-

FIGURE 4. Increased LDLR affinity leads to increased internalization of
uPA-Serpin complexes by cancer cells. A, MCF-7 cells were incubated in
the presence or absence of RAP (200 nM) for 15 min at 37 °C, prior to
analysis of internalization of Alexa 488-labeled uPA by fluorescence
quenching assay. The values are the means � S.E. (n � 3). B, PC-3 cells were
incubated in the presence or absence of RAP (200 nM) for 15 min at 37 °C
prior to analysis of internalization of Alexa 488-labeled uPA by fluores-
cence quenching assay. The values are the means � S.E. (n � 3). *, p �
0.005 compared with relative uPA treatment; †, p � 0.005 compared with
relative uPA-SerpinB2 treatment. All of the SerpinB2 forms were con-
structed on the SerpinB2 �CD-loop backbone.
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plex consisting of VLDLR, a uPA-Serpin complex, uPAR, and
any associated integrins or coreceptors is likely necessary for
the induction of this signal, notmerely the recognition of a high
affinity ligand by VLDLR alone.
Other factors that may impact on the prognostic differences

between overexpression of SerpinE1 versus SerpinB2 in cancer
include the complex interplay of interactions between uPA/
uPAR, SerpinE1, and other ligands and coreceptors, through
which SerpinE1 modulates adhesion and migration. For exam-
ple, in the context of cell adhesion, SerpinE1 competes with
uPAR and integrins for vitronectin binding (10, 37, 38), but
SerpinB2 does not bind vitronectin (39). Importantly, the vit-
ronectin-binding site(s) in SerpinE1 are distinct from the LDLR
minimal binding motif (40), and the SerpinB2 constructs used
in this study did not bind to vitronectin or impact on cell adhe-
sion (data not shown). This excludes any influence of modu-
lation of cell adhesion on the proliferative effects of
SerpinB2YK on a VLDLR-dependent cell line and implies
that these effects are a direct response of the increased affin-
ity for VLDLR. Regardless, the absence of an LDLR minimal
binding motif in the SerpinB2 moiety of uPA-SerpinB2 com-

plex suggests a mechanism where, unlike SerpinE1, extracel-
lular SerpinB2 could inhibit and clear cellular uPA, thereby
preventing plasmin-mediated ECM degradation, without
inducing cell proliferation.
In conclusion, this study clearly demonstrates that VLDLR

affinity is the critical determinant underlying the disparate
roles of SerpinE1 and SerpinB2 in mitogenic signaling and cell
proliferation. Understanding the molecular basis of such phys-
iological roles provides a mechanistic basis for the association
of these proteins with disease severity and outcome and pro-
vides a sound rationale for potential therapeutic development.
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