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ABSTRACT Calreticulin (CRT), when localized to
the endoplasmic reticulum (ER), has important func-
tions in directing proper conformation of proteins and
glycoproteins, as well as in homeostatic control of
cytosolic and ER calcium levels. There is also steadily
accumulating evidence for diverse roles for CRT local-
ized outside the ER, including data suggesting impor-
tant roles for CRT localized to the outer cell surface of
a variety of cell types, in the cytosol, and in the
extracellular matrix (ECM). Furthermore, the addition
of exogenous CRT rescues numerous CRT-driven func-
tions, such as adhesion, migration, phagocytosis, and
immunoregulatory functions of CRT-null cells. Recent
studies show that topically applied CRT has diverse and
profound biological effects that enhance cutaneous
wound healing in animal models. This evidence for
extracellular bioactivities of CRT has provided new
insights into this classically ER-resident protein, despite
a lack of knowledge of how CRT exits from the ER to
the cell surface or how it is released into the extracel-
lular milieu. Nonetheless, it has become clear that CRT
is a multicompartmental protein that regulates a wide
array of cellular responses important in physiological
and pathological processes, such as wound healing, the
immune response, fibrosis, and cancer.—Gold, L. I.,
Eggleton, P., Sweetwyne, M. T., Van Duyn, L. B.,
Greives, M. R., Naylor, S.-M., Michalak, M., Murphy-
Ullrich, J. E. Calreticulin: non-endoplamic reticulum
functions in physiology and disease. FASEB J. 24,
665–683 (2010). www.fasebj.org
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Calreticulin (CRT) is a 46-kDa chaperone protein
consisting of three structurally and functionally distinct
domains (1, 2). The middle P- and C-terminal domains
contain a number of high- and low-affinity calcium-
interacting sites, respectively. The N-terminal domain
contains a signal sequence for targeting to the ER, and
the C-terminal domain has a KDEL sequence for re-

trieval/retention in the ER. Within the lumen of the
ER, CRT, in concert with other ER-resident chaper-
ones, ensures proper folding of proteins and glycopro-
teins, mainly via its lectin-binding site; prevents protein
aggregation; and is engaged in protein quality control
through identifying and banning misfolded proteins
from the ER for ubiquitin-mediated destruction. An-
other important function for CRT directed from the ER
is in the regulation of calcium metabolism, which
influences a variety of cellular functions, including cell
signaling, particularly through integrins. The absence
of the CRT gene is embryonically lethal (3).

It is now well recognized that CRT is localized to
intracellular, cell surface, and extracellular compart-
ments and that CRT regulates a variety of diverse and
important biological processes from these non-ER com-
partments. For example, CRT has been shown to be
required for antigen processing and presentation for
the adaptive immune response (4, 5), the uptake of
CRT-expressing cancer cells by dendritic cells (4),
phagocytosis of apoptotic cells (6), cell adhesion, mi-
gration (7–13), cellular proliferation (7), throm-
bospondin 1 (TSP1)-mediated focal adhesion disassem-
bly (for cell migration) (11–15), and resistance to
anoikis (cell death induced by loss of cell adherence)
(16). Because of CRT’s role in these biological activi-
ties, this classic ER-resident protein is emerging as a
critical mediator of physiological and pathological pro-
cesses, such as wound healing, the immune response,
fibrosis, and cancer. However, the regulation of cellular
processes by CRT localized to a specific cellular com-
partment—from within the ER, the cytoplasm, by clas-
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sic cell surface receptor signaling, from the extracellu-
lar matrix (ECM), or any combination of these
means—remains poorly understood. Cell surface CRT
has not been shown to have direct signaling capacity,
but only to transduce intracellular signaling through
the low-density lipoprotein receptor-related protein 1
(LRP1) in certain functions (11, 16, 17). As exog-
enously added CRT promotes diverse functions (6, 7,
11, 15, 18, 19), it is likely that other signaling receptors
that mediate CRT-driven processes will be identified.
Moreover, the mechanisms involved in CRT signal
transduction mediated by either extracellular or cell
surface-bound CRT are especially unclear, since mech-
anisms regulating the exit of CRT from the cell are
currently only beginning to be defined.

Heretofore, CRT has been regarded primarily as a
molecule that performs diverse functions from the ER
or by regulating cell signaling in conjunction with its
control over ER calcium levels. A recent review focuses
on CRT as a multiprocess protein, however, still with
emphasis on ER dynamics and ER-associated signaling
(2). This is the first detailed review addressing the role
of non-ER CRT in cellular regulation and disease from
the perspective of its multicompartment localization, as
well as recent advances in our understanding of how
CRT transits to the cell surface and extracellular milieu.

RECENT RESULTS

CRT functions on the cell surface and in the ECM

Precedence for CRT functioning outside the ER

Early findings of CRT on the surface of many mamma-
lian cells, including platelets, fibroblasts, apoptotic
cells, and endothelial cells, provided clues that this
intracellular chaperone protein might function outside
the ER (6, 12, 14, 20–23). The existence of an ER
resident protein such as CRT on the cell surface was
initially a difficult concept to accept. However, multiple
lines of evidence using biochemical, immunohisto-
chemical, and functional assays eventually provided
credible evidence for the existence and, importantly,
the functionality of cell surface forms of CRT (Fig. 1).
Early studies showed that cell surface CRT was required
to mediate the mitogenic activity of the B� chain of
fibrinogen on fibroblasts (23). Cell surface CRT also
mediates melanoma cell spreading (22) and serves as a
cell surface receptor for the complement component,
C1q (24, 25). More recent studies substantiate the
function of CRT outside the ER, as described below.

Cell adhesion

Some of the earliest indications for the involvement of
non-ER CRT in cell-adhesion regulation stemmed from
work showing that CRT in the cytoplasm binds to the
KxGFFFKR amino acid sequence in the cytoplasmic
tails of � integrins, where it was presumed to stabilize

Figure 1. Cell surface staining of CRT in human foreskin
fibroblasts. Cells were transiently transfected with enhanced
green fluorescent protein (EGFP) to label all cellular com-
partments (green). Nonpermeabilized cells were fixed with
ice-cold 3% buffered formalin and then probed with a rabbit
antibody to CRT (antibody 62, provided by P.E.) and a
secondary Texas Red-labeled goat anti-rabbit antibody (red).
Confocal images were collected in both the x-y and the y-z
planes. Top panel: cell imaged at a slice from the most apical
x-y section superimposed on a single midsection slice to show
both the cell surface staining and the cytoplasm/nuclei. CRT
is distributed as punctae at the cell surface. Dashed line
indicates the y-z region imaged in the bottom panels. Panels
1, 3, 5, 7, 9: images of 5 of 12 slices imaged through the y-z
plane from the apical to basal aspect of the cell. Small
arrowheads indicate CRT punctae, which are apical to the cell
membrane of the EGFP tagged cell. Panel 0–11: compilation
of the 12 y-z sections.
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integrin-ligand binding and possibly activate focal ad-
hesion kinase (FAK) (10, 26). Accordingly, CRT coim-
munoprecipitates with integrins during cell adhesion to
ECM (27) and is found in integrin-based adhesion
complexes with LRP1 (28). The chaperone function of
CRT is important for ensuring proper folding of inte-
grins and, in certain cases, binds integrins. For exam-
ple, CRT binds to the extracellular domains of the
collagen binding integrin, �2�1, on platelets (1, 29,
30). CRT on the cell surface was shown to bind to
glycosylated (mannoside lectin), but not nonglycosy-
lated forms of laminin to mediate spreading of mela-
noma cells, providing an important indication of the
lectin function of CRT in cell adhesion (22).

Focal adhesion disassembly

Landmark studies showed that CRT existed on the cell
surface of bovine aortic endothelial cells and fibroblasts
and interacted with soluble TSP1 to mediate focal
adhesion disassembly, an important component of the
cell migratory process (14). Furthermore, it was shown
that N-terminal aa 19–36 of CRT bind to the N-terminal
domain of TSP1 (residues 17–35) in a coreceptor
complex with the low-density LRP1 (LRP1/CD91/�2-
macroglobulin receptor) (11, 15, 17). Engagement of
cell surface CRT by either TSP1 or a peptide mimetic
(hep I) of the CRT binding sequence stimulates CRT-
LRP1 association at the cell membrane. This activates
signaling through both G�i-coupled and PI3K-depen-
dent FAK and ERK activation in endothelial cells and
fibroblasts, culminating in transient down-regulation of
Rho activity to affect cytoskeletal reorganization and
loss of focal adhesions (11–13, 15).

Cell surface CRT is sufficient to mediate focal adhe-
sion disassembly through LRP1 signaling as lack of
TSP1 responsiveness in K42 CRT-null mouse embry-
onic fibroblasts (MEFs) can be rescued by a short
incubation with exogenous purified GST-CRT (15) but
not, as expected, with GST-CRT lacking the TSP1
binding site. Moreover, forced expression of CRT in
null K42 MEFs localized CRT to the cell surface and
restores TSP1-mediated focal adhesion disassembly
(16). In contrast, expression of a CRT lacking the TSP1
binding site, although localized to the cell surface,
failed to rescue responsiveness to TSP1 stimulation of
focal adhesion disassembly. Thus, localization of CRT
to the cell surface is important in the regulation of focal
adhesions via TSP1.

Cell migration

A role for CRT in cell migration is directly related to its
regulation of focal adhesion formation and disassem-
bly, integrin stabilization, and ECM assembly. CRT-null
MEF K42 cells migrate poorly on fibronectin and
laminin as compared to wild-type cells, although CRT-
null MEFs do not have impaired migration in response
to fetal bovine serum (FBS) on fibronectin/vitronectin
substrates (11, 31). CRT interaction with TSP1 in-

creases random and directed cell migration in bovine
aortic endothelial cells and fibroblasts through its reg-
ulation of Rho, as described above (11, 13). Migration
of endothelial cells in response to TSP1/hep I was
inhibited by the LRP1 receptor-associated protein
(RAP) (11), substantiating the requirement for LRP1
signaling in CRT/TSP1-mediated migration. Interest-
ingly, whether the process of TSP1/CRT/LRP1-medi-
ated focal adhesion disassembly enhanced or inhibited
migration was dependent on the type of chemoattrac-
tant, such that chemotaxis was reduced by basic fibro-
blast growth factor (bFGF) but increased by acidic FGF.

Recent studies show that exogenously added CRT
stimulates keratinocyte and fibroblast migration (7).
The addition of CRT to primary human keratinocytes
and fibroblasts in an in vitro scratch-plate assay of
wound healing dose-dependently induces motility/mi-
gration of these cells to close the denuded area. More-
over, studies using migration chambers show that CRT
stimulates concentration-dependent directed migra-
tion of human keratinocytes and fibroblasts and the
human THP-1 (American Type Culture Collection TIB-
202) monocyte and THP-1-derived macrophage cell
lines (7). Evidence for the role for non-ER CRT in
adhesion and focal adhesion disassembly is likely part
of its important function in cell migration and the
process of homing cells to sites of injury/repair, such as
cutaneous wound healing.

Anoikis

The nature of cell interactions with the ECM and the
organization of the cytoskeleton varies with different
external stimuli and can be modulated over a dynamic
spectrum. Stationary cells engaged in functions for
growth and differentiation typically are strongly adher-
ent and have focal adhesions and stress fibers. Cells
with disrupted cell-matrix interactions usually round
and detach to undergo anoikis (anchorage-indepen-
dent cell death) (32, 33). In contrast, matricellular
proteins, such as TSP1, SPARC, and tenascin-C, can
stimulate a state of intermediate cell adhesion, charac-
terized by a spread cell phenotype, which involves
restructuring focal adhesion plaques with loss of vincu-
lin and associated stress fibers, while maintaining inte-
grin and talin associations (34). It has been proposed
that this intermediate adhesive state is an adaptive
condition in which there is cytoskeletal plasticity and
increased motility under conditions that maintain cell
survival signals. Such an intermediate adhesive state
would support cell migration and survival during em-
bryogenesis and wound healing. In support of this idea,
a recent study shows that TSP1 signaling through the
CRT/LRP1 complex in fibroblasts confers resistance to
anoikis (anchorage-independent survival) in fibroblasts
under nonadherent experimental conditions (16).
Cells lacking LRP1 or expressing CRT lacking the TSP1
binding site (minus residues 19–36) cannot respond to
TSP1 rescue from anoikis. This cell survival process
utilizes the PI3K/Akt intermediate signaling pathway
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and acts by inhibiting apoptotic signaling via caspase 3
and PARP1 in nonadherent fibroblasts. These studies
purport additional mechanisms by which the CRT/
TSP1/LRP1 receptor complex affects wound healing
and fibrogenesis: the process of anoikis is important in
tissue homeostasis and remodeling (35–37), and
anoikis resistance aligns with prolonged survival of cells
involved in fibroproliferative diseases, such as arthritis
and atherosclerosis, and extended myofibroblast sur-
vival involved in lung fibrosis (38–41).

Phagocytosis

Another function in which non-ER CRT utilizes LRP1 is
in the clearance of apoptotic cells, a process referred to
as efferocytosis (by the phagocytic cell) (6). Cell sur-
face CRT in association with phosphatidyl serine (PS)
has been shown to provide the obligate recognition
signal for the removal of dead cells by both profes-
sional (e.g., macrophages, neutrophils) and nonprofes-
sional phagocytes (e.g., fibroblasts). However, different
from the function of focal adhesion disassembly in
which the CRT/TSP1/LRP1 signaling complex is on
the same responding cell in a cis configuration, CRT
and LRP1 are in a trans configuration such that the
CRT is exposed on the surface of the apoptotic cell to
be engulfed by the phagocyte expressing LRP1. In
addition, this process requires the down-regulation or
disruption of CD47/integrin-associated protein (IAP)
on the apoptotic target cell, thereby blocking the ability
of CD47 to engage cell surface SIRP-� (SHPS-1) on the
phagocyte. Accordingly, CRT in the absence of CD47
permits engulfment of live cells (42). In Drosophila, cell
surface CRT is necessary for phagocytosis of apoptotic
cells by hemocyte-derived 1(2) mbn phagocytes, which
is blocked by antibodies to CRT (43). Moreover, the
extent of uptake varies directly with the level of CRT
cell surface expression and blocking CRT transcription
with siRNA inhibits the phagocytic uptake of the apo-
ptotic cells. These studies underscore the significance
of CRT in phagocytosis, as suggested by the evolution-
ary conservation of this function. Furthermore, the
critical presence of CRT on the surface of apoptotic
cells for uptake by phagocytes is reiterated by the lack
of engulfment of dead CRT-null mouse embryo fibro-
blasts (K42 cells) unless rescued by exogenous addition
of CRT (6).

Plasminogen activator inhibitor-1 (PAI-1) acts as an
antiphagocytic signal by opposing CRT-LRP-1-mediated
phagocytosis of apoptotic neutrophils, as shown by an
increase in phagocytosis in PAI-1 deficiency (44). More-
over, phagocytosis signaled by the decrease in cell
surface CD47 can be overridden by PAI-1. Accordingly,
whereas CRT and PAI-1 colocalize on viable cells, PAI-1
is lost on apoptotic neutrophils. It appears that the
levels of PAI-1 in conjunction with cell surface CRT
might, therefore, tightly regulate the early phase of
wound healing both through regulating clot formation
and by controlling the net accumulation of neutro-
phils.

The consequence of lack of clearance of apoptotic/
dead cells can trigger immunoreactivity as a basis of
autoimmune disease (45–47). For example, studies
show that antibodies against CRT are prevalent in
autoimmune diseases, such as systemic lupus erythema-
tosis (SLE) and celiac disease (48), thereby providing
evidence that immunogenic forms exist. CRT also plays
an important role as a bridging molecule in the recog-
nition and clearance of apoptotic cells via the CD91/
C1q collectin/ficolin pathway by binding directly to
C1q, collectin, and ficolin proteins that recognize apo-
ptotic debris (24, 49, 50). Impaired recognition of
apoptotic neutrophils by a C1q/CRT/LRP1-dependent
pathway is associated with SLE (51). In addition, CRT
and its signaling partner LRP1 have been identified as
surface molecules that bind to the “shared epitope”
(SE), a 5-aa sequence that is associated with rheuma-
toid arthritis (19). Binding to SE ligand induces nitric
oxide (NO)-mediated prooxidative signaling, which is
blocked by antibodies to both LRP1 and CRT. Further-
more, exogenous CRT bound to the cell surface re-
stored SE-triggered signaling in CRT- or LRP1-null
mouse embryonic fibroblasts. It has been shown re-
cently that CRT binds to amyloid-� peptide 1–42 in an
ELISA, raising the possibility that CRT might play a role
in Alzheimer’s disease (52). Interestingly, the interac-
tion of cell surface CRT on Trypanosoma cruzi (TcCRT)
with C1q provided the apoptotic mimicry that allows
the parasite to gain entry to host cells through LRP1
signaling as its mode of infectivity (53) and autoim-
mune disorders that follow, such as Chagas disease and
related autoimmune cardiomyopathy (54).

CRT signal transduction and cell surface binding partners

Cell surface-associated CRT does not have an apparent
mechanism for direct signaling since it lacks a trans-
membrane domain. Although early studies suggested
the existence of differentially glycosylated and/or GPI-
linked forms of cell surface CRT, referred to as “ecto-
calreticulin”, confirmation of the existence of such
forms has been elusive (55). To date, no other signaling
receptor besides LRP1/CD91 has been shown to medi-
ate extracellular signals from exogenously added or cell
surface CRT (6, 11, 16–18, 56). It will be interesting to
determine whether disparate functions, such as cell
migration and proliferation that are clearly induced by
exogenously added CRT during in vivo wound healing
(7), are similarly dependent on LRP1 signaling or
whether other yet to be discovered transmembrane cell
surface binding partners, in conjunction with or with-
out LRP1, participate in cell surface CRT signal trans-
duction. It is also possible that CRT can signal through
engagement of cell surface carbohydrate molecules,
including the glycosaminoglycan chains of proteogly-
cans, through its lectin-binding activity. Similar to
TSP1, the pluripotent signaling immunoregulatory cell
surface protein CD69 binds to an N-terminal fragment
of CRT on the surface of human peripheral blood
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monocytes and might mediate functions including ad-
hesion (57).

The possibility that cell surface CRT can signal on its
own is unlikely but cannot be excluded. Nonetheless,
considering the plethora of emerging functions of
CRT, it is highly likely that this seemingly nonsignaling
protein binds or engages by binding or modifying other
transmembrane molecules on the cell surface to medi-
ate signaling.

CRT in the ECM

There is only one report describing CRT as a compo-
nent of the ECM. In this study, CRT was detected by
immunohistochemical electron microscopy in the pre-
dentin matrix of the tooth (58). This finding is consis-
tent with the recent observation that CRT protein is
increased in fibrotic tissues (59), which suggests that
CRT plays a role in enhancing ECM formation and
fibroblast anoikis resistance, strongly associated with
fibrogenesis (as discussed above). Immunohistochemi-
cal analysis of CRT localization in arteries from a rabbit
model of atherosclerosis (Fig. 2) suggests that CRT is
localized to the ECM following injury/damage during
vascular remodeling. Studies now provide biochemical
evidence for CRT localization to the detergent-insoluble
ECM of human foreskin fibroblasts in culture (Fig. 3

and unpublished results). CRT localization to the ECM
is further induced by ascorbic acid treatment, which
stimulates collagen expression. Given the known inter-
actions of CRT with fibrillar collagens, laminin, and
TSP1 (14, 22, 60, 61) and its ability to modulate matrix
metalloproteinase activity (62), it is possible that CRT
in the ECM might act to modulate ECM structure or
turnover. In addition, CRT could act as a molecular
link between the ECM and the cell surface to trigger
events at the cell surface while tethered in the ECM.
The release of CRT from injured or dying cells during
stress conditions of hypoxia (48) and its incorporation
into the ECM, as described above, might further modify
ECM structure and cellular function in both wound
repair and diverse responses to injury, including fibro-
sis. As CRT associated with the ECM is a new discovery
and not well described, we anticipate that novel func-
tions associated with or stimulated by CRT sequestered
in the ECM will continue to unfold.

Non-ER CRT in physiological and pathological
processes

Wound healing and supportive in vitro studies

With studies showing that CRT is involved in migration,
phagocytosis, and fibrogenesis, it is not surprising that

Figure 2. CRT expression is increased in the endothelium and media of atherosclerotic arteries. New Zealand White rabbits were
fed a 0.25% high-fat diet. Rabbits were treated with saline or a lipid-lowering synthetic peptide, hE-18A (as described in ref. 155)
for 2 mo. CRT expression was assessed by immunohistochemical analysis using an antibody from Thermo Scientific Pierce
Antibodies (Rockford, IL, USA). Arteries of the saline-treated atherosclerotic rabbit (c, d, g, h, j) had increased staining for CRT in
the endothelium and media of the coronary arteries as compared to the hE-18A-treated rabbits (a, b, e, f, i). ECL, endothelium; IEL,
internal elastic lamina; M, media; EEL, external elastic lamina; A, adventitia. Arteries were provided by Dr. G. M. Anantharamaiah and
Dr. C. Roger White (Department of Medicine, University of Alabama at Birmingham, Birmingham, Alabama, USA).
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topically applied non-ER CRT increased the rate of
wound closure with major histological differences in
the CRT-treated wounds, which were identical in two
animal models at the same doses (unpublished results;
mouse wounds: Fig. 4) (7). Specifically, the quality of
wound healing was improved by affecting both the
epidermal and dermal aspects of the cutaneous repair
process. The CRT-treated wounds show an increased
rate of epithelialization by migrating keratinocytes and
a strong induction of granulation tissue (neodermis)
produced by greater numbers of fibroblasts com-
pared to controls in porcine and murine animal
models (Fig. 5A).

The dense cellularity and abundant granulation tis-
sue (neodermis) observed in the CRT-treated wounds
(Fig. 5A), as previously discussed (CRT functions on
the cell surface; migration), is explained by the ability
of exogenous CRT to function in vitro in the induction
of cellular migration and proliferation of primary hu-
man keratinocytes and fibroblasts, the most critical
functions and cell types that enable wound healing
(Fig. 6) (7). Moreover, CRT stimulated the migration
of monocyte and macrophage cell lines in vitro, explain-
ing the elevated tissue macrophages observed in the
CRT-treated porcine wounds compared to controls. In
addition, the expression of �5 and �1 integrins (a
fibronectin receptor), the integrin chains expressed
early in wound healing (63, 64), were shown to be

up-regulated on keratinocytes and fibroblasts following
treatment with CRT in vitro (unpublished results and
Fig. 6). As wound granulation tissue is composed of
ECM proteins, the ligands for integrins, particularly
collagens and fibronectin, CRT appears to perform an
essential role in both integrin chaperoning and in the
expression of specific integrins, thus enabling cellular
migration into the wound. Because CRT is the requisite
mediator of the removal of apoptotic cells by phago-
cytic cells, CRT putatively affects two different processes
related to monocytes that are important in tissue re-
pair. First, CRT potentially acts as a chemotactic agent
for diapedesis of monocytes into the wound bed, where
the monocytes become activated into tissue macro-
phages. Second, CRT likely participates in the process
of wound debridement of dead cells and tissue, oblig-
atory for healing (6). Both the presence of necrotic
tissue and infection are critically important deterrents
of wound healing. Although an effect of CRT on
ameliorating infections has not yet been shown, micro-
bial phagocytosis by cell surface CRT might also con-
tribute to wound resolution.

In in vitro studies, exogenous addition of CRT to
human primary keratinocyes and fibroblasts stimulates
proliferation more potently than either epidermal
growth factor (EGF) or FGF, respectively (7). These
results are consistent with the high number of basal
regenerative keratinocytes and fibroblasts of the neo-
dermis labeled with markers of cell proliferation in
murine and porcine wounds topically treated with CRT.
Stimulation of proliferation is a novel direct role for
CRT. Moreover, keratinocytes have not been shown to
be a target cell of CRT in any capacity thus far. The
possible relevance of CRT to cell proliferation has only
been reported in its ability to maintain nuclear local-
ization and stabilization of p53 (a cell cycle protein that
is increased during stress, such as DNA damage) (65)
and the up-regulation of insulin receptor expression
with associated downstream PI3K/Akt signaling (66).
In addition, the presence of CRT in the nucleus (67)
and its ability to interact with the cytoskeleton of
murine ova for signal transduction related to cell cycle
activities have been shown (68).

The growth of microcapillaries in the wound granu-
lation tissue is essential for wound healing, and CRT
has also been shown to stimulate new blood vessel
growth (69) and to induce proliferation of human
microvascular endothelial cells, an important aspect of
angiogenesis (7). However, in multidomain, multifunc-
tional extracellular proteins, especially those of the
ECM, the function of isolated domains can differ from
those of the intact protein. Similarly, CRT and its
fragments appear to have similar differential functions
with respect to angiogenesis regulation. In this context,
the N-terminal domain of CRT (aa 1–80) has been
shown to have antiangiogenic activity, particularly in
tumor models (70–72). This fragment, also known as
vasostatin, binds to laminin and is thought to inhibit
angiogenesis by preventing endothelial cell adhesion to
laminin in the capillary basement membrane (73, 74).

Figure 3. CRT is localized to the detergent-insoluble ECM of
fibroblasts. Human foreskin fibroblasts were treated for 72 h
with 2 or 20 �M ascorbic acid. Cells were removed by
trypsin-EDTA treatment. Remaining cell layer was scraped
into 4% deoxycholate (DOC) to separate soluble proteins
from the insoluble ECM. Supernatant was collected as the
soluble fraction. DOC-insoluble pellets were washed again
with 4% DOC, and the pellets were collected as the ECM
fraction. DOC-soluble and -insoluble proteins were separated
by SDS-PAGE and electrophoretically transferred to nitrocel-
lulose membranes for immunoblotting for CRT using a rabbit
anti-CRT antibody (SPA-600; Stressgen Biotechnologies, Ann
Arbor, MI, USA). ECM from cells treated with 20 �M ascor-
bate have increased amounts of CRT in the ECM as compared
ECM fractions obtained from cells treated with 2 �M ascor-
bate. Blots were stripped and reprobed with antibodies to
�-tubulin and �-actin (not shown) to assess contamination of
the ECM fraction with cellular components.
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This might reflect differential regulation of angiogenesis
induced by tumors as compared to physiological angio-
genesis in wound healing, or alternatively, differences in
dose dependence, as concentrations used in tumor angio-
genesis studies did not impair wound healing (75).
Whereas wound-related proteases may cleave CRT to
release the N-terminal domain, the angiogenic effects of
CRT in wound healing should be further investigated.

Exogenous addition of CRT to human primary der-
mal fibroblasts in vitro induces a dose-dependent in-

crease in fibronectin, collagen type I, and TGF-�3, the
major proteins directly related to the abundant granu-
lation tissue observed in wounds topically treated with
CRT (Fig. 5B and unpublished results). This is the first
study showing induction of matrix proteins by exoge-
nous CRT in cells critical to wound healing. Consistent
with the in vitro effect, an increase in TGF-�3 but not
TGF-�1 or TGF-�2 is also shown in the porcine and
murine CRT-treated wounds by immunohistochemical
analysis (unpublished results on murine studies and

Figure 4. CRT enhances the rate and quality of wound closure in a murine diabetic wound model at 10 and 28 d postwounding.
A) Gross wounds. Leptin receptor-deficient mice (db/db; BKS.Cg-m/leprdb) 8 to 12 wk old were used as a model of human type
2 diabetes mellitus; these mice have impaired rate and quality of wound healing. Unlike humans and pigs, rodents are
loose-skinned haired animals with a panniculus carnosus muscle layer directly below the dermis that contracts following
wounding, thereby causing a short window for the measurement of epithelial migration over the wound. To facilitate the
measure of rate of epithelial migration (by digital imaging) over the granulation tissue (neodermis), 5.0-mm full-thickness
excisional wounds (2/animal) were created on the dorsum of each mouse, and a silicon (orange) splint was centered on the
wound to prevent wound contraction (wound resurfacing) (156). CRT (200 �g/d for 4 d) was applied to the wounds, and the
wound tissue was excised at 3, 7, 5, 10, 14, 21, and 28 d postwounding. CRT-treated wounds show a marked increase in
reepithelialization starting at d 3 compared to the buffer-treated controls (10 mM Tris and 3 mM Ca, pH 7.0; n�6 mice/time
point). Accelerated wound reepithelialization of the CRT-treated wounds compared to controls is illustrated at 10 and 28 d
postwounding. It is notable that at 28 d postwounding, hair has grown back in the CRT-treated but not the buffer-treated
wounds. B) Histology of wounds. Histology of each hematoxylin-and-eosin-stained corresponding wound shown in A illustrates
that whereas buffer-treated wounds have little reepithelialization and a paucity of granulation tissue, CRT-treated wounds have
reepithelialized and contain a layer of granulation tissue over the fat layer in the 10-d wounds. At 28 d postwounding, the
CRT-treated wounds are remarkably more mature, and hair follicles are observed directly in the wounded area, which is marked
by the disrupted panniculus carnosus (arrowheads). The presence of hair follicles is unusual. However, it has been shown that
Wnt-dependent de novo hair follicle regeneration can occur in adult mouse skin from migrating stem cells generated by
epidermal cells outside the wound (157). Original view �10.
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ref. 7). It is interesting and perhaps important that CRT
induced only the TGF-�3 isoform, as only this isoform
is involved in collagen gel matrix contraction (to stim-
ulate wound contraction) (76), acceleration of wound
healing with decreased scarring (77, 78), cellular mo-
tility (79), and induction of hyaluronan, an important
component of neodermal formation (80). Further-
more, TGF-�3 has been proposed as the master traffic
controller of epidermal and dermal cell motility during
repair (81), in which its concentration is highest in
serum following clot formation. As TGF-� stimulates
collagen and fibronectin synthesis (82), CRT might
induce these matrix proteins both indirectly and di-
rectly.

Interestingly, there is new evidence for a direct effect
of intracellular CRT on up-regulation of collagen:
recent studies show that CRT has both transcriptional
and posttranslational effects on fibrillar collagen ex-
pression by mouse fibroblasts mediated by CRT regu-
lation of calcium signaling (unpublished results). Fur-
thermore, collagen matrix deposition is modulated by
CRT-dependent fibronectin assembly (unpublished re-
sults), and CRT expression correlates with fibronectin
mRNA, protein, and assembly into the ECM (83, 84).
Moreover, CRT stimulation of MMP-2, MMP-9, and
MTI-MMP (62) suggests further roles for CRT in ECM
remodeling during the final stages of wound healing.
Finally, preliminary in vitro studies indicate that CRT
might be involved in conversion of fibroblasts to myo-
fibroblasts, which are important in wound contraction

and ECM production by up-regulating �-smooth mus-
cle actin (unpublished results).

The binding of cell surface CRT on platelets to �2�1
integrin to mediate collagen binding required for
platelet activation also suggests a role for CRT in
regulating platelet degranulation and clot formation
(29, 30). As CRT, TGF-� and TSP1 are constituents of
platelet �-granules and released following platelet de-
granulation, TGF-� and CRT would be available at the
wound site to stimulate fibroblast proliferation, and
both CRT and TSP1 could facilitate the migratory
process (17, 85–87). Moreover, TSP1 activates latent
TGF-�1 into its receptor-binding bioactive form impor-
tant in matrix induction (88). Although difficult to test
in vivo, CRT/TSP1/LRP1-mediated focal adhesion dis-
assembly leading to cell migration is likely to be func-
tionally and operationally integral to the wound-repair
process.

Many proteins important in wound healing are up-
regulated by the hypoxic environment, such as vascular
endothelial growth factor (VEGF) (89) and TGF-�3,
which has an HIF1-� response element in the promoter
region of the gene (90). Therefore, CRT has likely
evolved as an important physiological mediator of
wound healing and other extracellular processes due to
its release by natural cell death during injury. CRT is
dynamically expressed during murine and porcine
wound healing, providing support for its role in this
process (7). However, the proportions of intracellular
compared to extracellular CRT that are associated with

Figure 5. CRT induces
granulation tissue forma-
tion in a murine diabetic
mouse wound model and
up-regulates TGF-�3 pro-
tein in human dermal fi-
broblasts. A) Mice (db/db)
were treated with CRT or
buffer, and wound tissue
was excised as described in

Fig. 4. Formalin-fixed, paraffin-embedded wound tissue (5.0 �m) was stained with hematoxylin and eosin and evaluated
by light microscopy. Topical application of CRT increased granulation tissue volume in a dose-dependent manner
(dotted line indicates depth of granulation tissue). B) Immunoblot for expression of TGF-�3 by human primary dermal
fibroblasts in vitro. Fibroblasts were treated with increasing concentrations of CRT in serum-free medium. After 24 h, cell
lysates were analyzed for TGF-� isoform expression by immunoblotting with TGF-� isoform-specific IgG prepared to
peptides of TGF-� isoforms (prepared by L.I.G.). Exogenous CRT induces TGF-�3 protein but not TGF-�1 or TGF-�2 in
a dose-dependent manner with a peak response at 10 ng/ml. This result is consistent with the increased expression of only
the TGF�3 isoform shown in models of porcine (7) and murine wound healing in vivo following topical application of
5.0 mg/ml CRT, observed at 5 d postwounding. Original view �100.
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specific wound-healing functions remains to be delin-
eated.

CRT improves the rate and quality of wound healing
in diabetic animal models (unpublished results and ref.
7). Furthermore, exogenous CRT augments in vitro
functions shown to be most deficient in chronic dia-
betic wound healing, such as cell migration, prolifera-
tion, growth factor production, and the uptake of
apoptotic cells by macrophages (91, 92). Therefore,
CRT might have therapeutic potential for healing
wounds of type 2 diabetic patients and other chronic
nonhealing wounds. In this context, of interest is the
protective effect of CRT on excessive glucose influx into
cells (a stress-related condition also found in hyperglycer-
mia associated with type 2 diabetes) through its ability to
down-regulate glucose transporter-1 (GLUT-)1 by degra-
dative means (93) and decrease insulin receptor � expres-
sion (66).

Cancer and the adaptive immune response

The process of immune-mediated destruction of cancer
cells has more recently been shown to be dependent on
the cell surface expression of CRT (4, 5, 56, 94–97).
These studies show that anthracyclins, (e.g., doxorubi-

cin), or inhibitors of protein phosphatase 1/GADD34,
involved in the dephosphorylation of eIF2�, a protein
hyperphosphorylated during ER stress (98), induces
rapid (within minutes) translocation of CRT to the
surface of preapoptotic cells for their clearance by
dendritic cells and primary tumor antigen-specific T
lymphocytes (5, 94, 96, 99, 100). Conversely, lack of
CRT on the cell surface renders dying cancer cells
nonimmunogenic, and therefore, phagocytosis by den-
dritic cells is suppressed. Thus, the presence of CRT on
the tumor cell surface is a crucial event that subse-
quently initiates the immune response against the
tumor. Moreover, the addition of exogenous CRT or
inhibitors of the protein phosphatase 1/GADD34 re-
store immunogenic cell death induced by mitomycin C.
In addition, antitumor effects of CRT are also observed
in vivo. Notably, adsorption of CRT to live tumor cells
enhances phagocytosis by dendritic cells in vitro and
in vivo, but this is contingent on agents that induce cell
death. Therefore, cell surface exposure of CRT is
required and sufficient for induction of proimmuno-
genic cell death in conjunction with chemotherapy (94,
99, 101). The potential application of CRT in cancer
therapy is underscored by these studies and has been
practiced using CRT as an adjuvant for chemotherapy.

he

Figure 6. CRT exerts diverse biological effects on human keratinocytes, fibroblasts, monocytes, and macrophages in vitro,
consistent with its role in wound healing in vivo.
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This was achieved by administering a chimeric con-
struct of CRT with tumor antigen peptides delivered by
a viral vector or by using gene therapy, which enhanced
immunogenicity more than tumor antigen alone (102–
104).

Anthracyclins induce the rapid translocation of
presynthesized CRT from the ER to the cancer cell
surface by lowering calcium levels in the ER; agents that
directly lower ER Ca2� levels can also induce this effect
(95). The translocation process involves the activity of
the actin cytoskeleton (105) and the ER-resident pro-
tein, ERp57 (a disulfide isomerase) (18, 56). Through
their direct interaction, ERp57 is an obligate partner
in the translocation of CRT to the surface during
anthracyclin treatment as knockdown of ERp57 by
shRNA obviates CRT cell surface exposure, resistance
to anthracyclin treatment in vivo, and lack of the
antitumor response. These data also might implicate
ERp57 as an obligate partner in cell surface exposure of
CRT, in general. The addition of exogenous recombi-
nant CRT rescues the antitumor immune response,
thus implicating a defect in the translocation of CRT to
the surface as a possible mechanism of patient’s resis-
tance to anthracyclins (18, 97).

The mechanism of the immune response to preapop-
totic (dying) cancer cells expressing cell surface CRT
induced by anthracyclins or � irradiation is temporal,
involving an early non-PS-dependent cell surface ap-
pearance and at later stages of apoptosis, cell surface
exposure concomitant with PS (6, 106). Early cell
surface exposure of CRT is followed by expression of
heat-shock proteins, such as Hsp90 and Hsp70, their
subsequent release and finally, a release of high-mobil-
ity group I (HMGB1) protein (4), which acts on toll-like
receptor 4 (TLR4) expressed by dendritic cells. The
paradigm further purports the processing and presen-
tation of tumor antigens by dendritic cells, followed by
T-cell activation and the generation of cytotoxic/cytolytic
T cells (CD8�) against the apoptotic cancer cells. How-
ever, the role of cell surface CRT in antigen processing is
controversial. Attempts at showing that the essential role
of CRT in major histocompatibility complex (MHC) class
I peptide loading, for the biogenesis of MHC class I
molecules and antigen presentation, is related to cell
surface CRT have not been met, and therefore these
specific critical immune functions of CRT appear to
remain in the domain of the ER (107–109).

As the success of chemotherapy lies in the induction
of cell death by apoptosis or necrosis that will elicit an
adaptive immune response to the tumor, an intact
immune system and cell surface CRT has also been
shown to be essential in T-cell-deficient mice (96). The
possibility that the induction of cell surface CRT can
convert nonimmunogenic to immunogenic chemo-
therapy by involving dendritic and T cells to obviate
tumors is being tested (94, 99, 110). In fact, following
treatment with anthracyclin, a positive response associ-
ated with the up-regulation of cell surface CRT on
circulating cancer cells was obtained in patients with
acute myeloid leukemia (96). Finally, these studies have

very important implications for prediction of the suc-
cess of cancer therapies in that cell surface exposure of
CRT on cancer cells would promote a positive response
to anticancer therapy (111, 112).

Interestingly, CRT on the cell surface of dendritic
cells has been shown to be a receptor for NY-ESO-1, a
tumor-associated antigen, also with potential for in-
volvement in the adaptive immune response against
tumors by dendritic cell cross-presentation to CD8� T
cells (113). Further, it has been proposed that intracel-
lular pathogens, such as viruses and parasites, avoid
host cell death by mechanisms that prevent cell surface
exposure of CRT, thereby subverting the adaptive im-
mune response to the pathogen (114). The presence of
the N-domain cleavage product of CRT (ectocalreticu-
lin) in serum has been shown to be part of the
autoantibody signature for early detection of hepatic
cancer and also is proposed to be responsible for
induction of immune reactivity against tumor antigens
(115). However, it is notable as a counterargument,
that CRT and Hsps, as part of their antiapoptotic
activity, would promote cancer cell survival, which is
exactly the target of geldanomycin, a 17-AAG analog-
inhibitor of Hsp90� now in phase I and II clinical trials
for treatment of a number of human cancers (116–
118).

CRT has other effects on the immune response. To
facilitate T-cell immune behavior requiring adhesion
via integrins, TSP1 at the plasma membrane interacts
with integrins, LRP1, CRT, and integrin-associated pro-
tein (IAP/CD47) to mediate adhesion and migration of
these cells (119). The function of T-lymphocyte adhe-
sion and TSP1 turnover requires the interaction of
CD47 with the C-terminus of TSP1 (120). In addition,
cell surface exposure of CRT is essential for PS-inde-
pendent macrophage recognition, tethering, and en-
gulfment of cells undergoing autophagy prior to cell
death (121, 122). This process is important in the
induction and secretion of the proinflammatory cyto-
kines, IL-6, IL-8, IL-10, and TNF-�, consistent with an
immune response. The presence of CRT in cytotoxic
granules of cytotoxic T lymphocytes (CTLs) and natu-
ral killer (NK) cells has been shown to be required for
CTL-target cell interaction and for death synapse for-
mation for effective cell killing (123).

Interestingly, the presence of non-ER extracellular
CRT is associated with a variety of largely immune-
related diseases (Table 1), although its frank involve-
ment in the pathogenesis of any of these disorders
remains to be determined.

A recent study shows that inhibitor peptides of the
PP1/GADD34 complex fuse to targeting molecules,
which induces CRT exposure on the cell surface of a
variety of tumor cell lines, increases the phagocytosis of
anticancer-targeted proapoptotic peptide-treated tu-
mor cells by dendritic cells, and reduces tumor growth
in mouse models of colon, mammary, and fibrosar-
coma tumors (124). These data suggest that targeted
peptides can increase cell surface exposure of cancer
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cells for a novel therapeutic approach to killing cancer
cells.

CONTROVERSY AND UNANSWERED
QUESTIONS

In order for CRT to function at or near the cell surface
and in the extracellular environment, it must move
from the ER via various subcellular compartments and
then be released. With scant evidence to date, little is
known about how CRT partitions into different cellular
compartments and out of the cell to exert the array of
functions described herein. However, because of the
expanding roles of non-ER CRT in wound healing and
tumor recognition (described in Physiological Pro-
cesses), the mechanism of release of CRT from the cell
has been an intense focus of research. Moreover, as
CRT has a C-terminal KDEL retrieval amino acid se-
quence, it is even more difficult to envision how CRT
retaining this sequence would be able to exit the ER to
the cell surface and become a part of classic recycling
mechanisms of the protein secretory pathway. Without
evidence to support this idea, perhaps proteolytic cleav-
age of the KDEL amino acid sequence or conforma-
tional masking of this sequence due to interactions with
other proteins or change in pH and/or calcium levels
may be involved in the release of CRT from the ER
(125). Clearly, the fact that RNA interference-mediated
reduction of CRT on the cell surface of apoptotic cells
inhibited the engulfment of dead cells by phagocytes
provides support for autologous production and trans-
port of CRT to the cell surface, which could be either
derived from the ER or straight from the cytosol (43).

There are two classic ways in which predominantly
intracellular proteins can be released from cells: active
secretion or by cell death. There is evidence to suggest
that CRT is released from dying cells by necrosis and, as
stated above, we propose this is a physiological mecha-
nism for CRT release during tissue injury prior to
repair (48, 126). CRT, as an ER chaperone, and Hsps,
as cytoplasmic chaperones, respond to inflammatory
damage and can be released in an apparent nonspecific
manner. This probably has physiological relevance in
signaling and activating antigen presenting cells
(APCs).

The mechanism of active secretion of CRT from cells
has been more difficult to explain. Chaperone proteins
do not have an N-terminal signal sequence, precluding
their release through the classic mechanism of protein
secretion, which involves transport from the ER to the
Golgi, and then fusion with the cell membrane for
localization to the cell membrane or for secretion
into the extracellular space. Hsp-90� has been shown
to be released through an exosomal pathway in
keratinocytes induced by TGF-� through epidermal
growth factor receptor (EGFR) signaling (127). Exo-
somes are a distinct population of 30- to 90-nm
intracellular nanovesicles (128, 129) contained
within larger multivesicular bodies (MVBs) that usu-
ally function as reservoirs for degradation of mis-
folded proteins endocytosed from the cell surface
or by sorting from the trans-Golgi (130). However,
exosomes have also been shown to fuse with the
plasma membrane as a mechanism of release (131,
132) of proteins derived from the cytosol. Although
exosomes do not contain proteins from the ER, such
as CRT, it is still possible that CRT might exit the cell
via this route, particularly if it retrotranslocates from
the ER to the cytoplasm, as proposed (133).

As CRT is a stress-response protein (e.g., hypoxia,
heat, chemical and physical stress, and irradiation),
attention has focused on the effect of cell oxidative
stress on CRT translocation and extracellular release.
The predominant location of CRT and other ER pro-
teins is within the hyperoxic environment of the ER,
causing their susceptibility to oxidative damage (134).
Production of the antioxidant NO leads to overexpres-
sion of CRT, which in turn leads to increased ER Ca2�

concentrations (135). Similarly, hypoxic conditions,
such as those found in wounds, can lead to overexpres-
sion of CRT by 2- to 3-fold via p38 MAPK signaling and
oxidative stress during rat cardiomyocyte injury, caus-
ing a 7-fold increase in CRT expression (136). Oxida-
tive damage or posttranslational modification of CRT
can affect both its function and subcellular location.
There is little information on the routing of CRT from
the ER to the cytoplasm. Retrotranslocated proteins are
usually marked as damaged and succumb to proteaso-
mal degradation (133, 137). Interestingly, CRT is
shown to be an inefficient substrate for the proteosome

TABLE 1. Detection of extracellular CRT and anti-CRT in clinical conditions

Disease CRT Anti-CRT References

Urothelial carcinoma �2.9 ng/ml urine 158
Rheumatoid arthritis In serum Yes, IgG 159
Refractory coeliac disease Yes, IgA 160
Preeclampsia 50% increase in serum compared

to normal pregnancy
161

Inflammatory bowel disease Yes 162
Bladder cancer In urine 163
Alzheimer disease Brain 164
SLE Plasma/serum Yes, IgG 50
Primary biliary cirrhoris Yes, IgA 165
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and thus avoids the usual ubiquitylation and degrada-
tion following retrotranslocation from the ER to the
cytoplasm, making it the only known mammalian pro-
tein that is retrotranslocated from the ER and not
degraded. In this report (133), CRT previously inserted
into the ER membrane is processed by a signal pepti-
dase for retrotranslocation to the cytoplasm (and not
by premature ribosome release from the ER mem-
brane). These studies show that CRT is driven into the
cytoplasm by an intraluminal decrease in calcium in the
ER regulated by the C-terminal low-affinity, high-capac-
ity Ca-binding C-domain of the molecule (133). It is
also possible, however, that CRT avoids proteasomal
degradation by gaining access to the cytoplasm due to a
suboptimal signal peptide (138). Once in the cytosol,
CRT can be posttranslationally modified by arginyl
transferase, which attaches an arginine residue to the
N-terminal aspartic acid residue of the protein, thereby
localizing CRT to cytoplasmic stress granules (139).
However, the influence of CRT arginylation on its
cytosolic function remains unknown. Clearly, the re-
lease of CRT from the ER by retrotranslocation, avoid-
ance of proteosome degradation, and its arginylation
makes it a rather unconventional subcellular retrotrans-
locating protein.

The release of CRT from the cell is also unusual.
Several divergent hypotheses have been postulated, but
all agree that ER stress, possibly induced by oxidative
stress by reactive oxygen species (ROS) or UV irradia-
tion, followed by apoptotic processing, leads to extra-
cellular release of CRT. Most glycosylated proteins in
mammalian cells are exported to the cell surface by the
ER/Golgi-dependent secretory pathway. A recent study
demonstrated that cells exposed to stress triggered a
number of preapoptotic cell regulatory proteins
(caspase 8, Bap31, Bax activation), which were indis-
pensable for CRT surface exposure in a complex with
ERp57 (CRT/ERp57) (56). However, this study does not
explain how CRT as a nonglycosylated protein (125) is
secreted via the secretory pathway, but it did demonstrate
the tracking of artificially glycosylated recombinant CRT
(created n-glycosylation sites) straight from the ER to
the Golgi with fusion of the plasma membrane and
surface exposure by SNARE-(secretory vesicle-associ-
ated protein) dependent exocytosis (the secretory path-
way) (56). The process was calcium dependent, occur-
ring through actin-dependent anterograde and not
microtubule-associated retrograde (from the ER). In
addition, it was shown that stressing cells with UV
irradiation leads to activation of caspase 1 and secretion
of CRT and other leaderless sequence proteins in a
caspase 1-dependent manner (140). Concordantly, pre-
liminary studies show that oxidative/apoptotic stress
leads to overexpression of CRT, which accumulates in
the cytosol in association with PS (unpublished results),
the lipid that is externalized on apoptotic cells by a
membrane flip-flop mechanism on apoptotic cell
death. There is precedent for this membrane inversion
to facilitate transport of proteins from inside the cell to
the outer membrane, as shown for annexin exposure

during apoptosis (141, 142). The overexpression of
CRT induces increased NO production (n.b., both NO
induces CRT and CRT induces NO; refs. 19, 143),
which has the ability to inhibit aminophospholipid
translocase (APLT), which helps retain PS on the
cytosolic side of cells, thereby allowing CRT to flip out
of the cell in association with PS (Fig. 7). Another
ER-resident protein, Hsp-70, is associated with PS on
the surface of PC12 pheochromoctyoma cells (144).
Similarly, as described here, CRT was shown to colocalize

Figure 7. Schematic model of a potential means for CRT
release during apoptotic stress. A) During oxidative stress,
CRT expression increases. During such stress, CRT can
retrotranslocate from the ER into the cytosol and associate with
PS on the inner plasma membrane (PM) leaflet. B) Increased
CRT production leads to activation of iNOS and NO produc-
tion. Potentially, the increased NO production can nitrosylate
the free cysteines on the flipase enzyme–aminophospholipid
transferase (APLT). This blocks APLT, which retains PS on
the inner leaflet of the PM. The majority of PS flips to the
outer surface, and CRT is released at the same time. C) CRT
has a lipophilic and hydrophobic region (red) that may allow
CRT to associate with PS. Its interaction with PS is calcium
dependent. Lowering the calcium concentration allows re-
lease of CRT from PS. SNCEE, S-nitroso-l-cysteine-ethyl ester.
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with areas of cell surface exposure of PS on apoptotic cells
prior to their uptake by phagocytes (6). In addition, in
lower organisms, it was shown that during phagocytosis in
Dictyostelium, GFP-tagged CRT and calnexin are directly
linked between the ER and the phagocytic cup enclosing
a particle (145).

Notably, since exogenous addition of CRT rescues
CRT-null cells in numerous and varied CRT-dependent
functions, as described above [e.g., TSP1-stimulated
focal adhesion disassembly, clearance of apoptotic cells,
and immunogenic cell death (the uptake of cancer
cells by dendritic cells) restored SE ligand signaling in
arthritis] (5, 15, 19), it is possible that cell surface CRT
is not only autologously derived by passive release or
active secretion but may emanate from neighboring
cells in a paracrine manner. There is also evidence
showing that CRT is contained in maturing phago-
somes and that during phagocytosis, the ER might fuse
with the plasma membrane at sites of particle ingestion,
allowing access to the ER lumen (146). In addition,
CRT has been found in the Golgi (69) and might be
routed to the cell surface by remaining associated with
proteins that it chaperones, such as �-integrins and
MHC class 1 molecules (10, 147). Certainly, secretory
proteins containing transmembrane domains could
potentially shuttle CRT to the cell surface. A compila-
tion of proposed potential routes for intracellular tran-

sit and exit routes for CRT is presented in Fig. 8.
Finally, the cell surface exposure of CRT on dying
Saccharomyces cerevisiae underscores both the obligate
and evolutionary significance of CRT, exposing itself
on the cell surface despite the enigmatic nature of the
transit mechanism (148).

PROSPECTS AND PREDICTIONS

In this review, we provide compelling evidence for CRT
in the regulation of cellular processes from multiple
cellular compartments (i.e., nucleus, ER, cytosol, cyto-
solic vesicles, secretory granules, and the plasma mem-
brane), as well as its presence in the ECM (Table 2).
There are at least four major provocative unanswered
areas open for discovery: 1) what cellular mechanisms
dictate compartmental transit of CRT from the ER to the
cell surface and extracellular space (Fig. 8); 2) which
receptors other than the LRP1 transduce signaling for
the varied functions shown for CRT; 3) whether ER-
CRT is required for the apparent extracellular receptor-
driven varied non-ER functions observed; and 4) what
other functions and vital system processes involve a role
for CRT.

CRT is not the only chaperone that increases under
cell stress conditions and is likely released from injured

1

A

Figure 8. Potential exit routes for CRT from the ER to the cytoplasm, cell surface, and extracellular space.
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and dying cells. Similar to CRT, heat-shock proteins
(Hsps) have been shown to regulate wound healing,
motility, migration, apoptosis, and the immune re-
sponse and are found in various cellular compartments
(149–153). For example, Hsp-90�, Hsp-60, Hsp-70,
Hsp-47, and Gp96 demonstrate many of these func-
tions, and both the Hsp cytosolic chaperones and the
ER chaperones containing the KDEL ER-retention
amino acid sequence are found in the external plasma
membrane and in the extracellular space. As all chap-
erones like CRT lack a leader sequence for secretion,
their exit routes are largely speculative. However, as

discussed, Hsp70 and Hsp90 cytosolic chaperones gain
exit from the cell by exosomal release (152, 153).

Interestingly, also similar to CRT, Hsp-60, Hsp-70,
and Hsp-90 bind LRP1 for signal transduction. However,
at least 6 other signaling receptors, including TLR2/4 and
CD40, have been identified (153). Functionally similar to
CRT, Hsp-90� binds CD91/LRP1 to trigger macrophages
to secrete cytokines, stimulates dendritic cells to express
antigen presenting costimulatory molecules, and is in-
volved in wound healing (126, 151, 154).

Here, we present reports showing that CRT at the cell
surface and ECM have specific functions distinct from

TABLE 2. Summary of cell surface and extracellular functions of CRT

Location Function Cell type References

Cell surface Receptor for mitogenic activity of B
beta chain of fibrinogen

HFL-1 and IMR-90 human fetal fibroblasts 23

Initiates melanoma cell spreading on
laminin

B16 mouse melanoma cells 22

Binds C1q on apoptotic cell
ingestion

Human monocyte-derived macrophages 24

On the engulfing cell: enhances
apoptotic cell ingestion

Human alveolar macrophages 166

On the apoptotic cell: aids in
apoptotic cell clearance

Apoptotic cells: Jurkat T cells, human
neutrophils, mouse embryonic
fibroblasts

6

On the tumor cell surface: elicits an
immune response against the
tumor

CT26 colon carcinoma cell line and
MCA205 fibrosarcoma cell line treated
with anthracyclin, �-irradiated, or
exposed to UVC light

5, 97

Forms aggregates on cell surface as a
marker for phagocytosis of
apoptotic cells in invertebrates

S2 cell line derived from Drosophila
hemocytes

43

Mediates focal adhesion disassembly
in response to thrombospondin-1

Bovine aortic endothelial cells, mouse
embryonic fibroblasts

12–15

Increases migration in response to
thrombospondin-1

Bovine aortic endothelial cells, mouse
embryonic fibroblasts

11

Mediates anoikis resistance by
thrombospondin-1

Mouse embryonic fibroblasts 16

Binds to the shared epitope
associated with rheumatoid
arthritis

Murine myeloid leukemia cell line, MI,
that can be differentiated into
macrophages

19

Binds �2�1 integrin and
glycoprotein VI to mediate
platelet-collagen interactions

Human platelets 30

Exogenous or ECM Not described Found in odontoblasts and pre-dentin
ECM

58

Unknown Found in fibroblast ECM; vascular wall of
atherosclerotic rabbit arteries

Unpublished results
(Figs. 2 and 3)

Increases rate of wound healing,
induces granulation tissue,
increased closure of epithelial gap

Porcine normal and diabetic wound
healing models, murine wound healing
model

7

Increases cell migration Primary adult human epidermal
keratinocytes: CCD 1070SK human
foreskin fibroblasts; THP-1 human
monocytes; THP-1 human derived
differentiated macrophages

7

Stimulates proliferation Human primary keratinocytes; human
foreskin fibroblasts; human dermal
microvascular endothelial cells

7

Reduced intimal hyperplasia,
increased whole blood clotting
time

Sites of balloon injury in Sprague-Dawley
rats

167
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its intracellular activities. Moreover, that exogenously
supplied CRT that might subsequently become surface
bound or remain in the extracellular milieu, has signif-
icant potential for therapeutic application in both
impaired wound healing and cancer therapy. With the
more recent discoveries of non-ER functions of CRT
playing a significant role in many physiological and
pathological processes, mechanisms, pathways/means
for the transport of CRT to the cell surface and
extracellular space, newly identified signaling corecep-
tors, a web of downstream intracellular signaling path-
ways/cascades and crosstalk, and exposure of more
non-ER functions, are certain to unfold for this classic
ER chaperone. CRT could promote distinct functions
depending on whether it signals from intracellular, cell
surface, and/or extracellular compartments. Alterna-
tively, certain processes might require signaling from
CRT localized to multiple cellular compartments, par-
ticularly if CRT is required to chaperone proteins
involved in its specific function.
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