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Ever more unexpected roles for the LDL receptor gene family in a variety of cellular signaling pathways continue to
emerge. Three recent studies now add another function to this collection. By interacting with active tissue-type
plasminogen activator, LDL receptor–related protein appears to control permeability of the blood-brain barrier, vascular
tone, and the expression of MMPs. All of these parameters impact upon postischemic infarct size following stroke. These
novel findings are discussed in the context of known mechanisms of signaling by the LDL receptor family.
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The LDL receptor gene family consti-
tutes a class of structurally closely
related cell surface receptors that fulfill
diverse biological functions in differ-
ent organs, tissues, and cell types. The
role that is most commonly associated
with this evolutionarily ancient gene
family is the endocytosis and removal
of LDL, the main carrier of cholesterol
in the circulation of humans, by the
liver (1). Indeed, the regulation of cho-
lesterol homeostasis through this
mechanism remains the sole known
function of the family’s namesake, the
LDL receptor. Yet, over the last few
years, considerable evidence has accu-
mulated at an increasingly rapid pace
that shows that the members of the
LDL receptor gene family also have
fundamental functions in transmit-
ting or modulating signals between
specialized cells in many, if not all,
multicellular organisms.

Two recent papers, the first by Nassar
and colleagues in Blood (2) and the sec-
ond by Yepes and colleagues in this
issue of the JCI (3), now report on a
novel role of the LDL receptor–related
protein (LRP) and one of its ligands,
the proteolytically active serine pro-
teinase tissue-type plasminogen activa-
tor (tPA), as regulators of vascular tone
and permeability of the blood-brain
barrier (BBB). Using neuroserpin, a
plasminogen activator inhibitor that is
abundant in the brain, combined with
a series of knockout mice lacking tPA,
urokinase-type plasminogen activator
(uPA), plasminogen, or MMP-9, Yepes
et al. now show that an increase in
perivascular tPA, as a consequence of
experimentally induced cerebral
ischemia, results in an opening of the
BBB, and that this permeability
increase is independent of plasmino-
gen, uPA, and MMP-9. Injection of tPA,
but not uPA, into the cerebrospinal
fluid increased vascular permeability
(as determined by Evans Blue extrava-
sation) even in the absence of ischemia.
However, functional blockade of LRP
by anti-LRP antibodies or inhibition
with the receptor-associated protein, a
universal blocker of ligand binding to
LRP, abolished the vasoactive effect of
tPA. A similar direct effect of LRP on
matrix degradation–independent vaso-
activity by tPA was also observed by
Nassar et al. These findings are com-
plemented by another recent report (4)
that showed upregulation of active

MMP-9 expression by cerebral endo-
thelial cells in response to in vitro and
in vivo tPA exposure. This increase was
also dependent on LRP.

Taken together, these three studies
suggest an important role for LRP in
the brain, and more specifically at the
BBB, where LRP controls vasoactivity,
permeability, and postischemic lesion
formation in response to an active pro-
teinase (tPA). This is, of course, of con-
siderable clinical importance, since
intracerebral hemorrhages induced or
aggravated by tPA are a serious poten-
tial complication of its therapeutic use
as a thrombolytic agent. In the follow-
ing, I will briefly review our current
understanding of relevant signaling
pathways in which members of the
LDL receptor family are involved, and I
will comment on potential mecha-
nisms by which tPA may act through
LRP upon the cerebral vasculature.

Mechanisms of signaling by 
the LDL receptor family
Definitive biochemical and genetic evi-
dence for a direct role of the LDL recep-
tor gene family in intercellular signaling
events came from the analysis of knock-
out mice that were deficient in apoE
receptor-2 (Apoer2, also known as Lrp8)
and the VLDL receptor (Vldlr). Both
receptors are structurally almost identi-
cal to the LDL receptor, yet the parts
they play in lipoprotein transport, as far
as we know, are small compared with
their signaling role. They function
together in a partially redundant fash-
ion in regulating neuronal migration
and positioning during embryonic
brain development (5). Ligation of
Apoer2 and/or Vldlr by their ligand
Reelin activates nonreceptor tyrosine
kinases of the Src family (6) and initiates
further kinase cascades within the cell
that regulate microtubule stability,
nuclear distribution, and possibly vesic-
ular transport (7).

LRP, on the other hand, in its role as
a hepatic chylomicron remnant recep-
tor, actively participates in cholesterol
and lipid transport in conjunction
with the LDL receptor. However, LRP
is much larger (approximately 600
kDa) and structurally more complex,
enabling it to serve numerous unre-
lated functions (8). It is also known as
the α2-macroglobulin receptor for its
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role in the removal of many extracel-
lular proteases and proteinase com-
plexes, including plasminogen activa-
tors and their inhibitor plasminogen
activator inhibitor-1, or as CD91 for
its role in the removal of apoptotic
cells and debris.

Although the insights into the roles
of Apoer2 and Vldlr have established
a strong basis for pivotal functions of
LDL receptor family members in the
nervous system, mounting data also
point toward regulatory functions in
the vascular wall (and other tissues)
that are, at first glance, unrelated to
cholesterol transport. For instance,
both LRP (9) and Vldlr (10) have been
shown to bind tissue factor pathway
inhibitor (TFPI), an inhibitor of fac-
tor Xa, factor VIIa, and tissue fac-
tor–initiated blood coagulation. In
addition, TFPI binding to the Vldlr,
which is expressed at much higher
levels than LRP on the luminal sur-
face of the endothelium, was shown
to mediate the antiproliferative
effects of TFPI on endothelial cells,
although the precise molecular mech-
anisms that mediate this effect
remain currently unknown (10).

LRP as a signal modulator 
in VSMCs
Increasing evidence also suggests that
LRP is directly involved in cellular sig-
nal transduction, either as a coreceptor
(11) or potentially by activating cellu-
lar signaling cascades through receptor
ligation (12, 13) in a manner similar to
that of Apoer2 and Vldlr. LRP com-
plexes with PDGFRβ as well as its lig-
and, PDGF-BB (14), and is instrumen-
tal in regulating the activity of this
mitogenic tyrosine kinase receptor
(11). Loss of LRP expression in VSMCs
results in smooth muscle cell prolifer-
ation and greatly enhanced suscepti-
bility to atherosclerosis. Tyrosine phos-
phorylation of the LRP intracellular
domain (ICD) occurs in response to
PDGF signaling on a tyrosine residue
(14) that regulates the ability of the
LRP to interact with adapter proteins
that are involved either in the regula-
tion of endocytosis (such as Arh and
Dab2) (15, 16) or in the coupling of the
receptor to MAPK pathways (such as
Shc) (17). Thus, LRP might act as a
molecular switch that toggles between
growth suppression in the unphos-
phorylated state by binding to the

endocytosis-promoting adapter pro-
teins Dab2 and Arh, and mitogenic sig-
naling through Shc (Figure 1).

Potential mechanisms of signaling
by tPA and LRP at the BBB
Another mechanism by which LRP
might transduce extracellular signals to
the cell, and which has particular appeal
in light of the findings by Yepes et al. (3),
Nassar et al. (2), and Wang et al. (4),
involves the proteolytic cleavage and
release of its ICD by γ-secretase (18), the
same proteinase that performs the ulti-
mate processing step of the amyloid
precursor protein (APP), which leads to
the release of the APP ICD. Prior prote-
olytic cleavage of the extracellular
domain of APP, LRP, and a range of
other cell surface receptors that under-
go similar processing events is a require-
ment for the subsequent intramembra-
nous processing that results in the
release of the ICD into the cytoplasm. A
conceivable mechanism by which enzy-
matically active tPA might modulate
vascular tone and permeability in the
brain could thus involve the regulated
cleavage of the LRP extracellular
domain. Although in the study by Yepes
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Figure 1
Potential mechanisms of signaling by LRP. (a) Signaling through homotypic clustering. This mode of signaling has been reported to result
in the activation of stress-activated protein kinase (SAPK, also known as p38). It involves clustering of LRP through, for example, binding of
calreticulin to extracellular protein complexes or apoptotic debris (red circles) and may thereby function in the regulation of inflammation
(13). Activation of PI3K and Erk through calreticulin ligation and potential roles in cell adhesion have also been reported (21). (b) Hetero-
complex formation of LRP with the membrane tyrosine kinase receptor PDGFRβ modulates PDGFR signaling and controls the proliferation
of VSMCs (11, 14). Phosphorylation (P) of the LRP ICD may function as a molecular switch that directs LRP toward endocytosis or mito-
genic signaling. (c) Proteolytic processing of LRP by tPA or a tPA-dependent mechanism, followed by release of the ICD by intramembra-
nous cleavage, analogous to the processing of Notch, may activate intracellular mechanisms, e.g., transcriptional regulation, translocation
to sites of cellular adhesion, cytoskeletal rearrangements, etc. 



et al. (3) the effect of tPA on vascular per-
meability was independent of MMP-9
or plasminogen, enzymatic activity of
tPA was required for both increased vas-
cular permeability (3) and tPA-induced
vasoconstriction (2). This suggests that
tPA is either directly or indirectly
involved in a proteolytic activation step
that results in the cleavage of the LRP
extracellular domain or, since LRP is
also required, activates another cell sur-
face protein that interacts with LRP.
Conceivably, the latter mechanism
might involve the family of proteinase-
activated receptors (PARs) to which the
thrombin receptor belongs, although
association of these G protein–coupled
receptors with LRP has so far not been
demonstrated.

By contrast, there is a precedent for a
transmembrane receptor that under-
goes regulated intramembranous pro-
teolysis and that regulates the integri-
ty of cerebral blood vessels. Mutations
in this receptor, Notch 3, cause the
devastating disease cerebral autosomal
dominant arteriopathy with subcorti-
cal infarcts and leukoencephalopathy
(CADASIL) in humans (19). If LRP
were to function in a similar manner,
the release of the ICD initiated by tPA
could function through the regulation
of, for instance, MMP-9 gene tran-
scription (20), but also rapidly and
directly through relocalization of the
ICD scaffold and attached cytoplas-
mic proteins to other subcellular com-
partments where they may regulate
cell adhesion. Indeed, a role for LRP in
regulating cell adhesion (21) and
migration (22) through signaling-
dependent mechanisms has recently
been demonstrated.

Clearly, much work remains on the
road toward a comprehensive under-
standing of the complex biological
roles and signaling functions of the
LDL receptor gene family. The pres-
ent studies by Yepes et al. (3), Nassar
et al. (2), and Wang et al. (4) now pro-
vide us with another model system in
which these functions can be investi-
gated. Genetically altered mice with
targeted mutations in LDL receptor
family–dependent metabolic and sig-
naling pathways will likely play an
increasingly important role in these
endeavors.
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