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Abstract
Topical application of extracellular calreticulin (eCRT), an ER chaperone protein, in 
animal models enhances wound healing and induces tissue regeneration evidenced 
by epidermal appendage neogenesis and lack of scarring. In addition to chemoattrac-
tion of cells critical to the wound healing process, eCRT induces abundant neo-der-
mal extracellular matrix (ECM) formation by 3 days post-wounding. The purpose of 
this study was to determine the mechanisms involved in eCRT induction of ECM. In 
vitro, eCRT strongly induces collagen I, fibronectin, elastin, α-smooth muscle actin 
in human adult dermal (HDFs) and neonatal fibroblasts (HFFs) mainly via TGF-β 
canonical signaling and Smad2/3 activation; RAP, an inhibitor of LRP1 blocked 
eCRT ECM induction. Conversely, eCRT induction of α5 and β1 integrins was not 
mediated by TGF-β signaling nor inhibited by RAP. Whereas eCRT strongly induces 
ECM and integrin α5 proteins in K41 wild-type mouse embryo fibroblasts (MEFs), 
CRT null MEFs were unresponsive. The data show that eCRT induces the synthesis 
and release of TGF-β3 first via LRP1 or other receptor signaling and later induces 
ECM proteins via LRP1 signaling subsequently initiating TGF-β receptor signaling 
for intracellular CRT (iCRT)-dependent induction of TGF-β1 and ECM proteins. 
In addition, TGF-β1 induces 2-3-fold higher level of ECM proteins than eCRT. 
Whereas eCRT and iCRT converge for ECM induction, we propose that eCRT at-
tenuates TGF-β-mediated fibrosis/scarring to achieve tissue regeneration.
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1 |  INTRODUCTION

Calreticulin (CRT) is a 46 kDa highly conserved endoplasmic 
reticulum (ER) chaperone protein that identifies N-linked 
glycoproteins and ensures proper protein conformation and 
prevention of protein aggregation.1-3 In addition, CRT reg-
ulates Ca+ homeostasis between the ER and cytoplasm and 
is involved in cellular Ca-dependent signaling functions.1-6 
CRT regulates cellular responses to stress and in concert with 
other ER chaperone proteins, identifies mis-folded proteins 
for proteasome-mediated destruction outside the ER. In addi-
tion, CRT exists in the cytoplasm, cell surface, extracellular 
space, and plasma and as a multicompartmental protein regu-
lates a wide array of intracellular and extracellular responses 
important in physiological and pathological responses. 
Pathological responses include the unfolded protein response 
(UPR) and fibrosis.3,7-9 Examples of physiological responses 
are key roles for CRT in the innate and adaptive immune re-
sponses,3,10-13 namely immunogenic cell death (ICD)14-20 and 
as we have previously shown, in wound healing putatively via 
outside-in receptor signaling.21-24

We discovered that topically applied CRT enhances the 
rate and quality of wound healing in a porcine model of cu-
taneous injury, which is the closest animal model exemplary 
of human healing. A consequence of type I and type II dia-
betes mellitus is chronic nonhealing wounds.25,26 There are 
23 million diabetics in the United States and 347 million 
worldwide25,27-30; 15%-20% will develop chronic plantar neu-
ropathic or neuroischemic wounds with a high percent culmi-
nating in amputation incurring a 50% death rate. Using the 
leptin receptor null (lpr-/lpr-) mouse as a model for diabetes 
and poor wound healing, we further showed that CRT healed 
full-thickness excisional wounds by a tissue regenerative pro-
cess characterized by neogenesis of epidermal appendages, 
including pigmented hair, and lack of scarring.22 Extensive 
in vitro studies revealed that CRT heals wounds by multiple 
and diverse mechanisms that specifically correct the cellular 
and molecular pathologies associated with diabetic wounds 
including lack of recruitment of cells into the wound bed, de-
fective cell proliferation, and a paucity of granulation tissue 
to reconstruct the wound defect.22-24

Notably, CRT functions in all the three phases of wound 
healing: the inflammatory, proliferative, and remodeling 
stages. CRT has been shown to be involved in initial blood 
clotting to form the eschar,2,31 and the inflammatory phase 
through chemotaxis of neutrophils and macrophages that re-
lease cytokines to start the repair process.27,32,33 Specifically, 
in vitro studies using human fibroblasts, keratinocytes, and 

macrophages show that CRT induces concentration-depen-
dent migration of these cells, proliferation of keratinocytes 
and fibroblasts, and activates macrophages.22,23,34-36 CRT 
on the surface of dead cells provides the “eat me” signal for 
macrophage lineages,34,35 a function important for wound de-
bridement. CRT induces abundant granulation tissue (neoder-
mis) during the inflammatory phase that continues through 
the remodeling maturation phase until wound closure.

The cytokine Transforming growth factor-β (TGF-β) is 
a key protein responsible for the fibrotic response in nearly 
every organ in which pathologies such as nephropathies and 
lung disease culminate in severe fibrosis causing loss of organ 
function.5,9,37-42 Similarly, cutaneous wound remodeling is a 
dynamic process that usually leads to fibrosis/scarring in-
volving TGF-β signaling with downstream focal adhesion 
kinase (FAK) activation and/or increasing Connective Tissue 
Growth Factor (CCN2).43,44 The three mammalian isoforms 
of TGF-β share 67%-80% amino acid homology and signal 
through two major receptors, TGF-β RII (TβRII) and TGF-
βRI (TβRI).45,46 Extracellular matrix induction character-
izing the fibrotic response occurs mainly through TGF-β 
canonical signaling involving the binding of TGF-β ligand to 
TβRII, autophosphorylation and subsequent phosphorylation 
and dimerization with TβRI, which phosphorylates Smad2/3 
transcription factors for downstream target gene activation; 
PI3K, ERK, and p38MAPK are also intermediate signaling 
mediators that respond to TGF-β.7 In addition to canonical 
TGF-β signaling, the diverse functions of TGF-β involve sig-
naling via a variety of co-receptors, accessory proteins, and 
responses, which are cell-type and context-dependent.46-48

Intracellular CRT (iCRT) was shown to regulate fibrillar 
collagen expression, secretion, and processing in mouse em-
bryo fibroblasts (MEFs).6 CRT null MEFs, which are em-
bryonically lethal at 12.5 p.c., have reduced collagen I and 
III transcripts and cannot process collagen type I for fibrillar 
collagen deposition into matrix, in part due to a decrease in 
fibronectin matrix scaffold formation. Considering the role 
for iCRT in collagen and fibronectin synthesis and deposi-
tion into matrix, it is not surprising that TGF-β stimulation of 
collagen type I and fibronectin were found to require iCRT.5 
Since Smad2/3 activation by TGF-β was retained in CRT−/− 
cells with decreased collagen and fibronectin (ECM) synthe-
sis, the TGF-β canonical signaling pathway for collagen and 
fibronectin induction remained intact implicating the require-
ment for iCRT downstream from TGF-β signaling as the de-
fect in ECM protein synthesis. Moreover, greater expression 
of collagen and fibronectin was shown in transgenic fibro-
blasts with increased expression of CRT and interestingly, 
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TGF-β increases iCRT in human kidney proximal tubule cells 
suggesting feedback regulatory mechanisms between these 
two proteins.49

As poor formation of granulation tissue is a significant 
problem of chronic nonhealing wounds, such as diabetic foot 
ulcers (DFUs), the overarching goal of the current study was 
to determine the mechanism(s) involved in CRT induction of 
post-wounding granulation tissue formation (neodermis) for 
a deeper understanding of potential cellular and molecular 
targets to improve the serious unmet need of chronic wounds. 
Moreover, as both TGF-β and exogenous (eCRT) similarly 
function in ECM induction and CRT -/- mice revealed the 
requirement for iCRT in the TGF-β-mediated ECM response, 
the current study was designed to determine whether the in-
duction of ECM proteins by eCRT are mediated by TGF-β 
signaling requiring iCRT. We show collagen type I, fibronec-
tin and elastin are markedly increased ECM components of 
the granulation tissue of eCRT-treated diabetic mouse wounds 
compared to buffer-treated controls. In vitro, eCRT induced 
collagen type I, fibronectin, elastin, and smooth muscle actin 
(α-SMA), as well as α5 and β1 integrins in human adult and 
neonatal dermal fibroblasts. A serine/threonine kinase inhibi-
tor of TβRI signaling, SD208, mainly blocked CRT-mediated 
induction of ECM proteins and α-SMA, and Smad2/3 activa-
tion implicating a strong involvement of CRT-mediated ECM 
and α-SMA induction on TGF-β release and subsequent 
TGF-β canonical receptor signaling. The data suggest that 
eCRT induces the synthesis and release of TGF-β3 in part 
via LRP1 signaling subsequently, initiating TGF-β autocrine 
and/or paracrine signaling for TGF-β1, ECM, and α-SMA 
protein synthesis requiring iCRT. The increased expression 
of Integrin α5 by eCRT does not involve LRP1 or canon-
ical TGF-β signaling but requires iCRT. On a molar basis, 
TGF-β1 induces 1.7-3.5-fold higher levels of ECM proteins 
than eCRT suggesting that whereas ECM induction by eCRT 
is mediated by TGF-β, which causes fibrosis/scarring, CRT 
attenuates the TGF-β response by directing a tissue regener-
ative program.

2 |  MATERIALS AND METHODS

2.1 | Reagents

Recombinant human calreticulin (CRT) was expressed 
by E coli (TOP10), purified by Intas Biopharmaceuticals 
(Ahmedabad, India), as described50 and stored in buffer 
containing 10  mM Tris and 3.0  mM calcium, pH 7.0. 
Recombinant human TGF-β1 was purchased from R&D sys-
tems (catalog #100-B-001, Minneapolis, MN). The serine/
threonine TGF-β receptor I (TβRI) kinase inhibitor, SD208, 
was purchased from Tocris Bioscience (catalog #3269, 
Minneapolis, MN). Low endotoxin containing recombinant 

LRP-1 Receptor associated protein (RAP) was obtained 
from Molecular Innovations (catalog #RAP-LE, Novi, MI). 
Cytochalasin D was purchased from Gibco, Thermo Fisher 
Scientific (#PHZ1063, Waltham, MA).

2.2 | Diabetic mouse model of wound 
healing and treatments

Tissues from CRT-treated wounds from the murine model 
of diabetic wound healing, as described22 were used to de-
termine the levels of ECM proteins by immunohistochem-
istry and elastin staining. Briefly, 10-12  weeks old female 
db/db leptin receptor-deficient mice (BKS.Cg-Dock7m +/+ 
Leprdb/J, Jackson Laboratories, Bar Harbor, ME) were an-
esthetized and two circular 6.0-mm full-thickness excisional 
wounds were created on the shaved and sterilized dorsum.22 
A 12-mm diameter and 0.5-mm thick silicone splint (Grace 
Bio-Laboratories, Bend, OR) was placed around the wound 
to prevent wound contraction thereby simulating human 
healing.51 The wounds were treated with 5.0  mg/mL CRT 
(10 μL) in Tris-saline buffer (10 mM Tris, 150 M NaCl, 3 M 
CaCl, pH 7.0) or with buffer alone for the first 4 days post-in-
jury. Immediately after treatment, the wounds were covered 
with an occlusive dressing (Tegaderm, 3M, St Paul, MN). 
The mice were euthanized and the wound tissue excised at 
days 3, 7, 10, 14, and 28 (n = 6/group) post-injury for histo-
logical and immunohistochemical analysis.

2.3 | Histological and 
immunohistochemical analysis

Wound tissue was fixed in 10% of formalin overnight, embed-
ded in paraffin, and 5-μm tissue sections were deparaffinized, 
hydrated, and stained for collagen with Masson's Trichrome 
stain or elastin with Verhoeff Van Gieson elastin stain kit 
(Polysciences Inc, Warrington, PA) according to the manu-
facturer's instructions. Immunohistochemical analysis was 
performed on the tissue on slides to determine the expression 
of pro-collagen I and fibronectin using the Vectastain Elite kit 
(Vector laboratories, Burlingame, CA). For pro-collagen I im-
munostaining, the tissues were subjected to antigen retrieval 
with citrate buffer pH 6 for 15 minutes. For both fibronectin 
and pro-collagen I immunostaining, the tissues were blocked 
with 3% of normal goat serum (Vector laboratories) in Tris-
buffered saline containing 0.1% of BSA, incubated overnight 
at 4°C with rabbit anti-human pro-collagen I antibody (EMD, 
Millipore, Danvers, MA) at 1:100 or rabbit anti-human and 
mouse fibronectin antibody (Abcam, Cambridge, MA) at 
1:200 diluted in blocking serum, incubated with the respective 
biotinylated secondary antibodies followed by incubation with 
Avidin Biotin Complex, and then, DAB substrate chromogen 
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system (DAKO, Santa Clara, CA). Coverslips were place 
on the slides and the tissues imaged using a high-resolution 
digital whole-slide scanning technology for brightfield system 
(Experimental Pathology Research Laboratory, NYU Langone 
Health CORE Facility (SlidePath, Leica Biosystems, Danvers, 
MA) was used as the digital image database.

2.4 | Cell culture and treatments

Primary human foreskin fibroblasts (HFF, CRL-2091, 
CCD-1070SK, American Type Culture Collection (ATCC), 
Manassas, VA) were cultured in Minimum Essential Medium 
(Gibco #10370-021, Thermo Fisher Scientific, Waltham, 
MA) supplemented with 10% of fetal bovine serum (Atlanta 
Biologicals, #S1115OH, R&D Systems, Minneapolis, MN), 
1% of L-Glutamine (#25-005-CI, Corning, Inc, Corning, 
NY), 1  mM of sodium pyruvate solution (#11360-070, 
Gibco), and 1% of antibiotic-antimycotic solution (#30-001-
CI, Corning). Normal adult human dermal fibroblasts (HDF; 
#CC-2511[from female skin], Lonza Inc, Morristown, NJ), 
wild-type mouse embryonic fibroblasts (K41), and calreti-
culin-null mouse embryonic fibroblasts (K42; kind gift of 
Joanne Murphy-Ullrich, University of Alabama) were cul-
tured in Dulbecco's Modified Eagle medium (Gibco, #11995-
065, Thermo Fisher Scientific) supplemented with 10% of 
fetal bovine serum and 1% of antibiotic-antimycotic solution.

Cell treatments for Immunoblotting and qRT-PCR anal-
ysis were as follows: primary human foreskin fibroblasts 
(HFFs) and adult human dermal fibroblasts (HDFs) were 
seeded at 0.7 × 105 cells/ well in a 6-well plate and the mouse 
K41 and K42 cells were seeded at 0.5 × 105 cells/well. After 
18  hours, at approximately 70% confluency, cells were 
washed with phosphate-buffered saline (PBS), and then, se-
rum-free media. The cells were treated with increasing con-
centrations of CRT or TGF-β1 in cell line respective media 
containing 0.5% of FBS for 24 hours or at time points desig-
nated in different experiments, and whole-cell protein lysates 
were prepared or RNA was isolated from the cells. For pro-
tein and mRNA analyses over time (time-course), the cells 
were treated with CRT or TGF-β at a constant concentration 
in media containing 0.5% of FBS and cells harvested at the 
time points shown in the respective figures. In certain experi-
ments, to determine receptor signaling identity in response to 
eCRT, the TGF-β receptor I kinase inhibitor, SD208 (1 µM; 
Tocris Biosciences) in cell line respective media containing 
0.5% of FBS was added to the cells 4  hours prior to CRT 
or TGF-β treatments. The LRP1 antagonist RAP (50  nM, 
100 nM, 250 nM, and 500 nM) was preincubated with cells 
for 1 hour before treatments with CRT or TGF-β1. To deter-
mine whether eCRT is internalized by CRT K42 null cells, 
the cells were treated with 10 ng/mL of eCRT in media con-
taining 0.5% of FBS and cell lysates prepared at 3, 6, 12, and 

24 hours post treatment. In a separate experiment, K42 cells 
were pretreated with 250 nM RAP for 1 hour or with an inhib-
itor of macropinocytosis, 20 µM Cytochalasin D (#PHZ1063; 
Gibco, Thermo Fisher) for 30 minutes prior to adding 10 ng/
mL of eCRT for 1 hour; cell lysates were probed for human 
CRT"/>by immunoblotting. All cell lines were shown to be 
mycoplasma-free by the Mycoplasma detection kit assay 
(MycoProbe, R&D Systems).

2.5 | Immunoblot analysis

Total cell lysates were obtained by scrapping cells on ice into 
iced PBS and lysing the cells in RIPA lysis buffer (50 mM Tris-
HCL, pH 7.4; 1% NP-40; 0.25% Na-deoxycholate; 150  mM 
NaCl; and 1  mM EDTA) containing 1X protease inhibitor 
cocktail (#P8340, Sigma-Aldrich, St Louis, MO) and 1X phos-
phatase inhibitor cocktail (#5870S, Cell Signaling Technologies, 
St Louis, MO). Protein concentrations were determined using 
the Micro-BCA protein assay kit (#23235, Thermo Fischer 
Scientific,) and equal amounts of protein (10-15 µg) in Laemmli 
buffer containing 5% of β-mercaptoethanol were subjected 
to SDS-PAGE and transferred onto Nitrocellulose or PVDF 
membranes. All antibodies are listed in the Antibody Table in 
Supplementary Data (S1). Membranes were blocked for 1 hour 
with 3% of bovine serum albumin diluted in TBST (50 mM 
Tris-HCL, pH 7.5; 150 mM NaCl; 0.1% Tween-20) to probe 
for elastin, pSmad2, and pSmad3 and with 5% of milk diluted 
in TBST for fibronectin, collagen α1 Type I, α-smooth muscle 
actin, Smad2/3, integrin α5 and integrin β1, TGF-β1, TGF-β2, 
and TGF-β3, and then, incubated with the following antibodies 
overnight in 5% of nonfat dry milk in TBST at 4°C: goat anti-hu-
man collagen α1 Type I (#SC-8783, Santa Cruz Biotechnology, 
Dallas, TX) at 1:1000, mouse anti-human fibronectin (#610078, 
BD Biosciences, San Jose, CA) at 1:1000, mouse anti-human 
elastin (SC-166352, Santa Cruz Biotechnology) at 1:250, rabbit 
anti-human integrin β1(#SC-8978, Santa Cruz Biotechnology) 
at 1:500, rabbit anti-human integrin α5 (SC-10729, Santa Cruz 
Biotechnology) at 1:1000, mouse anti- human α-smooth mus-
cle actin (#A5228, Sigma Aldrich) at 1:500, rabbit anti-human-
pSmad2 (Calbiochem, #566415, EMD Millipore) at 1:1000, 
rabbit anti-human pSmad3 (#ab52903, Abcam) at 1:1000, 
and rabbit anti-human Smad2/3 (#3102S, Cell Signaling 
Technologies) at 1:1000. For experiments analyzing eCRT in-
ternalization in K42 CRT null MEFs, cell lysates (10 µg) were 
subjected to SDS-PAGE (10% acrylamide) and transferred to a 
PVDF membrane (Amersham HyBond, GE Healthcare). The 
membrane was blocked in 5% of nonfat milk for 1 hour, in-
cubated with anti-CRT monoclonal antibody at 1:1000 (ADI-
SPA-601-D, Enzo Life Sciences, Farmingdale NY) in 5% of 
nonfat milk overnight at 4°C, followed by incubation with 
peroxidase-conjugated goat anti-mouse (1;2000; #23430, 
Invitrogen, Thermo Fisher Scientific) in TBST for 90 minutes. 
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To detect TGF-β isoforms for experiments shown in Figure 5, 
Figure 8, and Figure 7D for TGF-β3, 15-20 µg total protein per 
well was subjected to SDS-PAGE containing 12% of acryla-
mide or a 5%-20% of acrylamide gradient and transferred to a 
PVDF membrane. The antibodies used were rabbit anti-human 
non-cross-reacting anti-peptide antibodies (purified IgG) to the 
three mammalian TGF-β isoforms (TGF-β1, TGF-β2, TGF-
β3), as described.52 The membrane was blocked in 5% of non-
fat milk overnight at 4°C. Each antibody at a concentration of 
2-8 µg/mL in 3% of nonfat milk in TBST was incubated with 
the membrane overnight at 4°C or for 4 hours at room tempera-
ture. For the blots using mouse embryo fibroblasts, K41 (WT) 
and K42 (CRT−/−) that were treated with eCRT, the following 
antibodies in 5% of nonfat dry milk in TBST were incubated 
with the membrane over night at 4°C: rabbit anti-mouse col-
lagen I (#AB765P, Millipore) at 1:500 in TBST, rabbit anti-
mouse elastin (#MBS821275, MyBioSource, Ann Arbor, MI) 
at 1:200 in TBST, mouse anti-mouse fibronectin (#610078, BD 
Biosciences) at 1:500 in TBST and anti-mouse integrin α5 (SC-
10729, Santa Cruz Biotechnology) at 1:500 in TBST.

To control for equal loading in each well, mouse anti-human 
and mouse β-actin (#A1978, Sigma Aldrich) at a concentra-
tion of 1:40 000 in TBST was used for membranes contain-
ing 20 µg of protein and at 1:10 000 for all others. Following 
washing three times TBST, all membranes were treated with 
peroxidase-conjugated secondary antibodies to the species im-
munized for each respective antibody for 1.5 hours, accord-
ing to the following conditions: goat anti-rabbit (#324360, 
Invitrogen Thermo Fisher Scientific) at 1:2000 in TBST, goat 
anti-mouse (#32430, Invitrogen, Thermo Fisher Scientific) at 
1:2000 in TBST and donkey anti-goat (#SC2020, Santa Cruz 
Biotechnology) at 1:5000 in 5% of milk diluted in TBST. 
Proteins on the membranes were detected by chemilumines-
cence using either ECL western blotting substrate (#32209, 
Thermo Fisher Scientific) or SuperSignal West Dura Extended 
Duration Substrate (#34075, Thermo Fisher Scientific) fol-
lowed by autoradiography (#E3218, Denville Scientific, 
Metuchen, NJ) and the films scanned using an Office-jet scan-
ner. The density of each band was determined using Image-J 
software (NIH). The values shown below each well in all im-
munoblots represent the intensity of each band compared to 
1.0 representing the untreated control and normalized to the 
corresponding intensity of β-actin in the same well.

2.6 | Quantitative real-time PCR

Cells were plated as described above and neonatal human 
foreskin fibroblasts (HFF) and adult human dermal fibro-
blasts (HDF) were plated at concentration 0.7  ×  105 cells/
well in a 6-well dish treated with CRT and TGF-β1 in cell 
respective media containing 0.5% of FBS until approxi-
mately 70% confluent, usually 24 hours after seeding. Total 

RNA was isolated using RNeasy Mini kit (#74104, Qiagen, 
Germantown, MD) as per manufacturer's protocol, the RNA 
quantified by NanoDrop (Thermo Fisher Scientific) and 
cDNA synthesized using iScript reverse transcription kit 
(#1708841, Bio-Rad, Hercules, CA). Quantitative RT-PCR 
was performed using iTaq universal SYBR Green Supermix 
(172-5121, Bio-Rad) and a CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad). Primer sequences are listed in 
the Primer Table in Supplementary Data (S2). Amplifications 
were carried out with an initial denaturation at 95°C for 
3 minutes, followed by 40 cycles of 95°C for 10 seconds and 
60°C for 30 seconds. Values were normalized to GAPDH as 
an internal loading control and fold change compared to un-
treated controls were calculated using the ΔΔCt method.

2.7 | Magnetic Luminex Performance assay 
to determine TGF-β1 in cell supernatants

The levels of TGF-β1 protein released into supernatants 
following treatment of HFFs CRT were determined by 
Magnetic Luminex Performance assay kit (#FCSTM17, R&D 
Biosystems). Cells were seeded at 3,300 cells/well in a 96-
well plate, incubated for 24  hours, washed once with PBS, 
and treated with increasing concentrations of CRT (0-100 ng/
mL) in MEM media containing 0.5% of FBS. To determine 
whether CRT induced TGF-β1 release by LRP1 signaling, 
cells were preincubated with RAP (50  nM, 100  nM, and 
250 nM, 500 nM) for 60 minutes prior to treatment with of 
CRT. The samples were prepared according to manufacturer's 
instructions. Briefly, after 24  hours treatment, cell superna-
tants were centrifuged at 400 X g for 5 minutes, Latent TGF-
β1 in the supernatants was activated by adding 20 µL of 1 N 
HCl to 100 µL sample, incubating for 10 minutes at room tem-
perature, adding 20 µL of 1.2 N NaOH/0.5 M HEPES with 
mixing, and finally, 100 µL of the mixture were subjected to 
the Magnetic Luminex assay. The assay was quantified using 
Luminex MAGPIX analyzer (Thermo Fisher Scientific). 
Concentration of TGF-β1 protein in each supernatant sample 
was calculated from a standard curve of increasing concentra-
tions of activated TGFβ1 provided with the kit.

2.8 | Determination of amount of ECM and 
TGF-β proteins released into supernatants over time

HFFs were seeded at 0.7 × 105 cells/well in a 6-well plate and 
after 24 hours, the cells were washed once with PBS, once 
with serum free media, subsequently treated with CRT (10 ng/
mL) in 10 mL of MEM media containing 0.5% of FBS, and 
cell supernatants collected at points over time (3-48 hours). 
The cell supernatants were collected, pipetted into dialysis 
membranes (Spectra/por3, 3.5 kDa molecular weight cutoff, 
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F I G U R E  1  Topical application of calreticulin (CRT) to cutaneous wounds of diabetic (db/db) mice induces granulation tissue formation and 
increased expression of ECM proteins. Tissues from full-thickness wounds from the dorsal skin of leptin receptor-deficient (db/db) mice were 
treated with 10 µL of 5.0 mg/mL CRT for four consecutive days (total 200 µg), the wounds excised into 10% of neutral formalin, cut to 5.0 µm on 
slides and subjected to immunohistochemical analysis (IHC) for collagen type I or fibronectin, or stained for elastin with Verhoeff Van Gieson 
stain. CRT-treated wounds exhibited earlier tissue maturation and more abundant granulation tissue (GT) observed from day 3 through day 28 post-
wounding than the tris-buffered saline-treated control (Buffer). (A) Day 3 post-wounding buffer-treated wound and (B) CRT-treated wound. Red 
arrows: fibroblast-like cells; Brown: positive staining for procollagen I; Blue: cell nuclei. (C) Day 3 post-wounding buffer-treated wound and (D) 
CRT-treated wound; Brown stain: intracellular and extracellular fibronectin. Top panels 1.66× magnification, scale bar: 1 mm; Bottom panel: 40× 
magnification, scale bar: 50 μm. (E)10 days post-injury buffer-treated wound and (F) CRT-treated wound stained with Masson's Trichrome stain. 
Cyano: collagen; Dark red-black: cell nuclei; Red: muscle fibers, cytoplasm, keratin. Top panel: 1.66× magnification, scale bar: 1 mm; Bottom 
panel: 40× magnification, scale bar: 50 μm. Complete wound closure of the wounds occurred approximately by day 14 post-wounding. (G) 28 days 
post-wounding buffer-treated wound and CRT-treated wound (H) stained for elastin fibers with Verhoeff Van Gieson stain. (G) Buffer-treated 
wound illustrates hypertrophic epidermis and scar tissue with no epidermal appendages in the wound area. (H) CRT-treated wounds resemble 
unwounded skin with regeneration of dark-pigmented hair follicles (HF), sebaceous glands (blue arrows), and abundant elastin-rich fibers. Dark 
blue-black fibers = elastin fibers (yellow arrows). Top panel: 1.66× magnification, scale bar: 1 mm; Bottom panel: 20× magnification, scale bar: 
100 μm. GT = granulation tissue; HF = hair follicle. Black arrows on 1.66× magnification images (A to F top panel) indicate the wound margin
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(#132720T, Spectrum Chemicals Manufacturing Corporation, 
New Brunswick, NJ), and dialyzed overnight in 2 L of 0.001 M 
Tris-HCl, pH 7.4 at 4°C with three buffer changes, lyophi-
lized, and resuspended in 100 µL in distilled deionized sterile 
water. Protein concentrations were quantified by Micro BCA 
protein assay kit (Thermo Fisher Scientific) and 40 µg of pro-
tein/well subjected to SDS-PAGE (12% acrylamide) followed 
by immunoblotting with antibodies, as described above.

2.9 | In vitro assay for cellular proliferation

Wild-type (WT) and calreticulin-null (CRT−/−) mouse em-
bryonic fibroblasts (MEF) were seeded onto 96-well plates 
at a density of 500 cells/well in Dulbecco's Modified Eagle 
medium containing 10% of FBS. Cells were grown to approxi-
mately 50% confluency, washed, and switched to medium con-
taining 0.5% of FBS for 24 hours. Increasing concentrations of 
human CRT were added to the cells in 0.5% of FBS medium 
and the cells incubated for 48 hours; medium containing 0.5% 

of FBS served as negative control. Cell proliferation was de-
termined using the WST-8 Cell Proliferation Assay (Dojindo 
Molecular Tech Inc, Rockville, MD). Live cell numbers were 
determined by adding 10  µL [2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium to 
each well. After 1 hour, absorbance was measured at 450 nm 
using a microplate reader (Bio-Rad 680).

2.10 | Cellular migration determined by the 
in vitro wound healing scratch plate assay

Wild-type (WT) and calreticulin-deficient (CRT−/−) mouse 
embryonic fibroblasts (MEF) were seeded onto 24-well plates 
at a density of 1 × 104 cells/well in Dulbecco's Modified Eagle 
medium containing 10% of FBS. The wound healing scratch 
plate assay was performed as previously described.22 Briefly, 
at approximately 70% confluency, cells in the middle of the 
plate were removed by drawing a line with a 200 μL pipette 
tip. The plate was washed with PBS and the cells treated for 
24 hours with increasing concentrations of CRT (0-100 ng/mL) 
in media containing 0.5% of FBS or medium alone containing 
0.5% of FBS as a negative control. Cells were stained at time 
0 and 24 hours with 0.025% of Coomassie blue stain in 10% 
of acetic acid, 45% of methanol for 15 minutes, and images 
of each plate captured using an inverted microscope (Olympus 
CK, Tokyo, Japan) Cell migration was calculated by measur-
ing the area of the gap (pixels2) in each well and comparing 
each value with the corresponding original scratch area at time 
zero. Measurements were normalized for cell density using an 
area of the plate that was distal and lateral to the scratch.

2.11 | Statistical analysis

Results are presented as mean ± SD or ± SE. Statistical anal-
ysis was performed by either two-tailed, unpaired Student's t 
tests for comparisons between two means, or one-way anal-
ysis of variance (ANOVA) for comparisons between more 
than two means, using GraphPad Prism software. Statistical 
significance was defined as P ≤ .05 at 95% confidence level. 
Statistics are specified in individual figure legends.

3 |  RESULTS

3.1 | Topical treatment of calreticulin on 
diabetic mouse excisional wounds increases 
collagen, fibronectin, and elastin for abundant 
granulation tissue

In previous studies, using a diabetic mouse model (db/db) 
of cutaneous excisional wound repair, we showed that topi-
cal application of calreticulin (CRT) for four consecutive 

F I G U R E  2  Exogenous CRT induces ECM proteins and α-5 
integrin by human fibroblasts. Human foreskin fibroblasts (HFF) were 
treated with increasing doses of eCRT (0-100 ng/mL [2000 pM]) or 
TGF-β1 (100 pM) in MEM containing 0.5% of FBS. After 24 hours, 
cell protein lysates were collected in iced RIPA lysis buffer, protein 
concentrations determined by MicroBCA assay kit, equal amounts of 
protein (15 µg) in Laemmli sample buffer (reduced) applied to 10% 
of acrylamide SDS-PAGE, proteins transferred to a nitrocellulose 
membrane, and the membranes probed with antibodies to collagen 
I, fibronectin, elastin, and integrin α5 (details in Supplementary 
Antibody Table; S1). eCRT induces collagen I, fibronectin, elastin, 
and α5 integrin. The membranes were exposed to autoradiography 
film, densitometrically scanned, and levels of protein in each well 
quantified using Image-J. The values shown below each well represent 
the intensity of each band compared to 1.0 representing the untreated 
control and normalized to the corresponding intensity of β-actin. 
Representative blot of n = 8
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days post-wounding increased the rate and quality of wound 
healing including regeneration of epidermal appendages and 
lack of scarring compared to buffer-treated controls.22 Thus, 
CRT induces wound healing by a tissue regenerative process. 
Importantly, CRT corrected most of defects associated with 
the poor healing of human chronic diabetic wounds including 

lack of cell recruitment, impaired cell proliferation, and pau-
city of granulation tissue (GT) formation.22,24 As shown in 
Figure 1B,D, granulation tissue was observed in the wound 
bed on top of fat by 3  days post-wounding (CRT, right), 
whereas buffer-treated wounds (left) showed scant granu-
lation tissue (Figure  1A,C). At this time point, increased 

(A) (B)

(C) (D)
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immunohistochemical staining for procollagen I (Figure 1B; 
brown stain) and fibronectin (Figure 1D; brown stain) was 
observed including numerous fibroblasts (red arrows) in the 
granulation tissue of the wounds treated with CRT. By day 
10 post-wounding (Figure  1F), numerous collagen fibrils 
(cyano) and a highly cellular (red nuclei) neodermis, largely 
composed of fibroblasts, identified by their elongated po-
lygonal shape (red arrows), are shown by Masson Trichrome 
staining in the CRT-treated wounds. In contrast, the buffer-
treated wounds, comparatively, showed a negligible amount 
of collagen fibrils and less cells (Figure  1E). Example of 
the neogenic induction of epidermal appendages, hair folli-
cles (HF; yellow), and sebaceous glands (SG; blue arrows) 
are observed in the CRT-treated wounds shown here after 
28 days of healing (Figure 1H). This is in sharp contrast to 
the scar and hypertrophic epidermis shown for the buffer-
treated wound at both low (1.66×) and high magnification 
(40×) (Figure  1G). However, as shown under low power 
(Figure 1G; upper left panel) hair follicles are observed in 
the adjacent unwounded skin on either side of the scar/hy-
pertrophic epidermis. Of note, the neogenic hair follicles 
contained pigmented [black] hair (HF), which has not been 
observed before in adult mammals following full-thickness 
cutaneous injury (Figure 1H). By Verhoeff Van Gieson stain-
ing, contrasting to the buffer-treated wounds (Figure 1G; left 
panel), a higher density of abundant dark blue-black dense 
elastin fibers (yellow arrows) in the CRT-treated wounds was 
observed (Figure 1H); right panel); collagen is stained pink. 
In summary, a greater amount of granulation tissue replete 
with epidermal appendages was observed in the calreticulin 
treated excisional mouse wounds (right panels) compared to 
buffer-treated controls (left panels). Although there might 
be subtle differences, the results observed are likely not fe-
male-dependent as another study showed that treatment of 
male rats with Trypanosoma Cruzi CRT enhanced cutaneous 
wound healing.53

3.2 | Exogenous calreticulin induces ECM 
proteins and α-5 integrin by human fibroblasts

To identify ECM and other proteins important in wound re-
pair that are induced by extracellular CRT (eCRT), human 
neonatal foreskin fibroblasts (HFF) were treated with in-
creasing doses of eCRT (0-100 ng/mL) for 24 hours and pro-
tein levels determined by immunoblotting. TGF-β (100 pM), 
a notably strong inducer of ECM proteins was used as a posi-
tive control.37,54-57 Figure 2 shows that eCRT dose-depend-
ently induces collagen I, fibronectin, elastin, and α5 integrin 
in HFFs. As determined by densitometric scanning of the 
protein bands in each lane, fold induction is shown below 
each lane for this representative blot. eCRT protein induction 
ranged between 3.6 and 2.2 with collagen I the most highly 
induced and elastin the least. The decrease in fibronectin 
at 50  ng/mL was consistently observed in HFFs. Notably, 
100 pM TGF-β induced stronger expression of ECM proteins 
at molar concentration of 2-20 times more than eCRT. For 
example, a 20-fold higher concentration of TGF-β (100 pM) 
compared to eCRT (100 ng/mL; 2,000 pM) induced nearly 
twice as much collagen.

3.3 | The induction of the extracellular 
matrix proteins, collagen I, fibronectin, and 
elastin by calreticulin is mediated by TGF-β 
signaling in human dermal fibroblasts

Since TGF-β potently induces ECM protein synthesis, which is 
broadly responsible for fibrosis of many human organs includ-
ing lung and kidney and cutaneous scarring,9,37,38,40,41,46,58,59 we 
proposed that eCRT might exploit TGF-β for ECM induction. 
To test this hypothesis, both eCRT-treated HFFs and human 
adult dermal fibroblasts (HDFs) were analyzed for ECM mRNA 
and protein expression in the presence or absence of the specific 

F I G U R E  3  Exogenous CRT induction of ECM and α-SMA proteins and mRNA is mediated by TGF-β signaling in human neonatal and 
adult dermal fibroblasts. Human foreskin fibroblasts (HFF) and normal human dermal fibroblasts (HDF) in their respective media containing 
0.5% of FBS were treated with increasing doses of eCRT (0-100 ng/mL) or TGF-β1 (100 pM), in the presence or absence of the TGF-β receptor 
I serine/threonine kinase inhibitor SD208, added 4 hours prior to eCRT or TGF-β. After 24 hours, cell protein lysates were prepared in iced 
RIPA buffer or total RNA was isolated with RNeasy, and immunoblotting (details in Supplementary Antibody Table; S2) or q-RT-PCR (details 
in Supplementary Primer Table; S2) was performed, respectively. Cell lysates (10-20 µg) were applied to SDS-PAGE (Panel A: HFF; 7.5% 
acrylamide) Panel B: HDF; 10% acrylamide) followed by transfer to a nitrocellulose membrane for immunoblotting. Panel C: HFF mRNA and 
Panel D: HDF mRNA. Statistical significance between untreated and TGFβ-treated was estimated by unpaired Student's t test *P ≤ .05; Statistical 
significance between cells treated with eCRT or TGF-β1 and SD208 inhibition of mRNA transcription was estimated by unpaired Student's t test 
#P ≤ .05. Panel E: α-SMA in HFFs (10% acrylamide); Panel F: α-SMA mRNA in HFFs. Panel G: Collagen and fibronectin induction and Smad2P 
activation (p-Smad2). Panel H: p-Smad3 activation and in the same experiment increased fibronectin and collagen, which all were inhibited by 
SD208. Induction of ECM proteins and α-SMA is mediated by TGF-β canonical signaling with varying dependencies. Autoradiography films 
were quantified using Image-J; densitometries were normalized to the corresponding intensity of β-actin and compared to untreated control set at 
one. Densitometry values are shown below each well and represented in the linear graph below each immunoblot. The levels of ECM induction by 
TGF-β are shown in the adjacent bar graph collagen I, blue; fibronectin, green; elastin, red. q-RT-PCR values were normalized to GAPDH, fold-
change was calculated using ∆∆Ct method and normalized to the untreated control. Mean values ± Standard Deviation (SD) are represented in bar 
graphs (Panels C and D). All immunoblots and qRT-PCR graphs are representative of n = 3-4
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serine-threonine kinase inhibitor of TβRI signaling, SD208. As 
shown in the representative immunoblot in Figure  3A (left), 
similar to Figure 2, following treatment of neonatal HFFs with 
increasing doses of eCRT (0-100 ng/mL) for 24 hours, a dose-
dependent increase in collagen, fibronectin, and elastin was ob-
tained between 2.0 and 5.0-fold at 100 ng/mL eCRT. Similarly, 
as shown in Figure 3B (right), a dose-dependent response in the 
induction of collagen, fibronectin, and elastin, was obtained fol-
lowing treatment of adult HDFs with eCRT showing peak re-
sponses between 2.0 and 5.0-fold at 50 ng/mL eCRT. Collagen 
I protein induction by TGF-β was 7.8 and 6.6-fold higher than 
eCRT in HFFs and HDFs, respectively. Notably, the pretreat-
ment of both HFFs and HDFs for 4 hours with the TβRI kinase 
inhibitor, SD208, either partially or completely blocked eCRT 
induction of ECM proteins in both cell lines, confirming that 
eCRT induction of ECM proteins is mediated largely or com-
pletely by TGF-β canonical signaling (Figure 3A,B, right part 

of blots). However, the increase in elastin levels in both cell 
lines, and collagen I in HFFs, induced by eCRT was not fully 
blocked. Therefore, there appears to be activation of (a) sign-
aling pathway(s) in addition to TGF-β canonical signaling for 
collagen I in HFFs and elastin induction by eCRT for both cell 
lines. Interestingly, the addition of SD208 to untreated HFFs re-
sulted in an increase in collagen I and elastin over the untreated 
control. Both the subtle and more obvious differences observed 
between HFFs [male] and HDFs [female] might be related to 
both sex difference and neonatal vs adult fibroblast responses. 
As shown in Figure 3C (HFFs) and Figure 3D (HDFs), from 
the same eCRT-treated cell cultures, a less robust response in 
the levels of mRNA for collagen 1, fibronectin, and elastin (1.5 
to 2-fold) than for the proteins was obtained (not statistically 
significant compared to untreated controls; P ≤ .07). Compared 
to eCRT, the induction of transcription of the ECM proteins by 
TGF-β was 2.1-7.8 and 2.4-6.6 (elastin is the lowest number) 

(E)

(G) (H)

(F)

F I G U R E  3  Continued
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higher in HFFs and HDFs, respectively (≤.01). As shown for 
protein induction, the low level of transcription of ECM mRNA 
by both eCRT and TGF-β was inhibited by SD208.

TGF-β has been shown to induce α-smooth muscle actin (α-
SMA) as a marker for myofibroblast differentiation, important 
in wound contraction. As shown in Figure 3E, adose-dependent 
increase of α-SMA protein was observed following treatment of 
HFFs with eCRT (0-100 ng/mL) with a peak response of 1.9-
fold at 100 ng/mL, which was inhibited by SD208 by compar-
ison with the SD208 alone control. As observed for collagen I 
and elastin protein levels (Figure 3A,B), SD208 alone increased 
α-SMA (30%). As shown for the ECM proteins (Figure 3C,D), 
the levels of α-SMA mRNA induced by eCRT were less robust 
than the protein response (Figure 3E). TGF-β induced mRNA 

levels were more than twice as high compared to CRT (albeit 
still low).

In response to eCRT, both the downstream Smad2 and 
Smad3 transcription factors for TGF-β canonical signaling were 
phosphorylated by TβRI kinase. However, Smad2 was only 
slightly phosphorylated and Smad3 moderately phosphorylated 
by eCRT treatment in HFFs compared to the levels of unphos-
phorylated Smad2/3 (Figure 3F,G), which remain unchanged. As 
shown in Figure 3A, the induction of fibronectin by eCRT was 
completely inhibited by SD208, whereas collagen was partially 
inhibited or the increase observed is related to super-induction 
of this protein by the inhibitor. Similar to the ECM protein re-
sponses to 100 pM TGF-β and compared to eCRT, pSmad2 (3.0 
vs 1.2-fold) and pSmad3 (3.7-fold vs 1.5) phosphorylation levels 

F I G U R E  4  Exogenous CRT induction of α-5 and β-1 integrin is independent of TGF-β signaling in human neonatal and adult dermal 
fibroblasts. Human foreskin fibroblasts (HFF) and normal human dermal fibroblasts (HDF) were treated with increasing doses of eCRT or 
TGF-β1 (100 pM), in the presence or absence of the TGF-β receptor I serine threonine kinase blocker, SD208. After 24 hours, whole-cell protein 
lysates were prepared with iced RIPA buffer and immunoblotting (Antibody Table) was performed. Panel A: HFF, immunoblot of α5 (top) and 
β1 (bottom); Panel B: HDF, immunoblot of α5. The immunoblots are representative of n = 3. Scanned autoradiography films were quantified 
using Image-J and densitometries were normalized to the corresponding intensity of β-actin and compared to untreated control with a value of 1.0. 
Densitometries are shown below each well and are represented by the linear graph below the blots and adjacent bar graphs showing TGF-β1 effects 
(integrin α5, dark gray; integrin β1, light gray)
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were higher than the most potent dose of eCRT (10-100  ng/
mL [20-2000  pM]). Phosphorylation of both Smads was not 
dose-dependent. Inhibition of TβRI/Smad signaling by SD208 
super-induced Smad3 (compare zero untreated to treated for 
HFFs). Nonetheless, these data suggest TGF-β canonical signal-
ing is involved in the mechanism for CRT induction of collagen 
I, fibronectin, elastin, and α-SMA. However, SD208 abrogates 
TGF-β-induced phosphorylation of Smad3 (Figure 3G), whereas 
TGF-β activation of pSmad2 (Figure 3F) and eCRT-induced re-
sponses, except for fibronectin (Figure 3A), are not fully inhib-
ited suggesting complex signaling networks for both CRT and 
TGF-β in these cells (Figure 3A,B,E).

3.4 | The induction of integrins by calreticulin 
involves signaling mechanisms independent of 
TGF-β signaling in human dermal fibroblasts

As shown in Figure  2A, eCRT induces expression of α5 
integrin in a biphasic manner in HFF cells. Since eCRT 
induces fibronectin, the matrix substrate that binds to the 
α5β1 integrin pair, the induction of both the fibronectin 
matrix and the specific integrin might be a mechanism 
for CRT-mediated keratinocyte migration and fibroblast 
recruitment into the wound.22,23 As an interaction be-
tween TGF-β signaling and integrins has been shown,60,61 

F I G U R E  5  CRT induces TGF-β3 protein expression and release prior to induction of ECM and TGF-β1 proteins by human dermal fibroblasts. 
HFFs were treated with increasing doses of eCRT in the presence of 0.5% of serum for 24 hours, protein lysates prepared with iced RIPA buffer, 
and equal amounts of protein were loaded into each well of a 10%-20% of gradient SDS-PAGE, transferred to a PVDF membrane, and subjected 
to immunoblotting with isoform-specific anti-TGF-β 1, 2, and 3 purified IgG (details in: Supplemental Antibody Table; S1). Panel A: HFFs, 
immunoblot for TGF-β isoforms 1, 2, and 3 (n = 4). Panel B: HFFs were seeded at 3 × 103cells/well in a 96-well plate, treated with eCRT in media 
containing 0.5% of FBS. After 24 hours, supernatants were collected and 100 µL supernatants in triplicate were assayed by a TGF-β1 ELISA kit 
(Magnetic Luminex Assay). Data were analyzed by one-way ANOVA: untreated vs 10 ng/mL CRT (*P < .05) and 100 ng/mL CRT (**P < .01; 
Mean ± SD (n = 2-3). Panels C and D: HFFs were treated with eCRT (10 ng/mL) or untreated, as described in Panel A, and supernatants and cell 
lysates from the same samples collected after 3, 6, 12, 18, 24, and 48 hours. Panel C: Supernatants from each treatment parameter were dialyzed, 
lyophilized, diluted, and 40 µg of protein subjected to immunoblotting for ECM proteins and TGF-β3 (n = 1). Panel D: Cell lysates (40 µg) were 
loaded onto a 5%-20% of acrylamide gradient SDS-PAGE and transferred to a nitrocellulose membrane for immunoblotting using anti-TGF-β1 
and anti-TGF-β3 isoform antibodies, described in Pelton et al52. Although reduced by β-mercaptoethanol, TGF-β1 and TGF-β3 consistently 
electrophorese at the 25 KDa dimer when isolated from fibroblasts. Protein levels were determined by densitometry using Image-J software of 
scanned autoradiography films normalized to β-actin for each well and compared with untreated 3 hours for Panel C and with the corresponding 
untreated for each time point for Panel D assigned a value of one. Densitometry values are shown below each well. All immunoblots are 
representative of n = 3
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F I G U R E  6  Exogenous CRT induces ECM protein expression and TGF-β1 release but not integrin α5 protein via LRP receptor signaling 
in human neonatal fibroblasts. Receptor-Associated Protein (RAP) binds to LRP1 and other LDL receptor family members, antagonizing ligand 
binding.63-66 Panel A: HFFs were treated with or without 250 nM (+) or 500 nM (++) RAP 1 hour prior to treatment with 10 ng/mL [200 pM] 
eCRT or 100 pM TGF-β1 and after 24 hours, whole-cell protein lysates were prepared in iced RIPA buffer, protein concentration determined, and 
15 µg protein were subjected to immunoblotting with antibodies to collagen I, fibronectin, elastin, and α5 integrin (SDS-PAGE, 10% acrylamide). 
Representative immunoblot of n = 3. Panel B: eCRT but not TGF-β1, induces collagen I and Smad2 activation (Smad2P) via LRP1 signaling. 
HFFs, pretreated with 500 nM RAP, as described in Panel A were immunoblotted for collagen I and activated Smad2 (p-Smad2). Scanned 
autoradiography films were quantified using Image-J and densitometry of the wells were normalized to the corresponding intensity of β-actin 
compared to untreated control assigned a value of one. Representative immunoblot of n = 2. Panel C: HFFs seeded onto a 96-well plates in media 
containing 0.5% of FBS were treated with 50 nM, 100 nM, and 250 nM RAP or without RAP (crtl) 1 hour prior to treatment with CRT (1 and 
10 ng/mL) and after 24 hours 100 µL supernatants were analyzed for TGFβ1 by ELISA according to manufacturer's instructions. RAP blocks the 
release of TGF-β1 induced by eCRT. Statistical significance at 1.0 ng/mL CRT comparing untreated control to pretreatment with 50 nM RAP; 
unpaired Student's t test = P≤.05; *P ≤ .0206; ᴓ P ≤ .0923. Mean ± SD (n = 2)
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we determined whether α5 and β1 integrin induction by 
eCRT was likewise mediated by TGF-β signaling in HFFs 
and HDFs. As shown in the representative immunoblot in 
Figure 4A, whereas eCRT at 10 and 100 ng/mL induces a 
[biphasic] response in α5 integrin expression with a peak 
response of 1.7 and 1.4-fold, respectively, in HFFs, SD208 
appeared to inhibit the eCRT-induced response at 10  ng/
mL and 100 ng/mL but super-induces integrin α5 and inte-
grin β1 in HFFs but not HDFs. eCRT similarly induced β1 
integrin in HFFs, which was not blocked by SD208. In ad-
dition, a dose-dependent induction of α5 integrin by eCRT 
(0-100  ng/mL) was obtained in adult HDFs with a peak 
response of 1.6-fold at 50 ng/mL. However, the response 
was not inhibited by SD208 (Figure  4B). In fact, SD208 
sporadically induces these integrins in HFFs and HDFs 
(eCRT [100  ng/mL]) compared to the untreated controls 

(Figure 4A,B). Unlike the higher expression levels of ECM 
proteins induced by TGF-β compared to eCRT, the integrin 
response to TGF-β was either equal or slightly less than to 
eCRT in both cell lines (Figure 4A,B). Therefore, unlike 
the ECM proteins shown herein, the increase in α5 and β1 
integrins in response to eCRT does not appear to be medi-
ated by TGF-β signaling.

3.5 | Calreticulin increases TGF-β3 
expression and release prior to ECM protein 
induction by human dermal fibroblasts

The data show that TGF-β canonical signaling via Smad2/3 
mediates eCRT induction of collagen I, fibronectin, elas-
tin, and α-SMA but that cross talk and other signaling 

(A) (B)

(C)

(D)
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mechanisms may be involved. Therefore, we tested whether 
one or all of the three mammalian isoforms of TGF-β pro-
teins are induced by eCRT, which would imply that eCRT 
first induces the synthesis and release of TGF-β proteins [via 
a separate signaling mechanism] that would subsequently 
signal for ECM induction [by TGF-β signaling]. Indeed, 
as shown in the representative immunoblot in Figure  5A, 
eCRT treatment of HFFs for 24 hours dose-dependently in-
duces TGF-β1 and TGF-β3 isoforms but dose-dependently 
decreases TGF-β2. eCRT weakly increases transcription of 
all TGF-β isoforms while TGF-β1 treatment of HFFs slightly 
auto-induced, TGF-β3 moderately increased (3.5-fold), and 
TGF-β2 showing the highest transcriptional activation (8-
fold)(Figure S1). By ELISA, following 24 hours treatment, 
eCRT at 10 ng/mL and 100 ng/mL, induces a biphasic re-
lease of TGF-β1 of 318 pg/mL and 333 pg/mL, respectively, 
into the culture media compared to the control of 280 pg/mL 
(Figure 5B; 10 ng/mL=*P <  .05; 100 ng/mL=**P <  .01). 
A TGF-β3-specific ELISA was not available to quantify the 
release of TGF-β3 from the CRT-treated cells.

As a mechanism involved in eCRT induction of ECM and 
αSMA proteins, the data suggest that TGF-β3 temporally 

precedes ECM protein synthesis and release. Following 
seeding HFFs onto tissue culture plates, basal levels of 
TGF-β3 and ECM proteins, released over time to enable 
cell adhesion to the tissue culture plates, were determined 
and compared with eCRT (10 ng/mL; 200 pM) treatment. 
As shown in Figure 5C, whereas TGF-β3 released from un-
treated HFFs is observed at 3 hours, eCRT induces a 2.5-
fold greater increase at this time point (arrows). In untreated 
cells, release of basal levels of collagen I and fibronectin are 
observed at 6 and 24  hours, respectively. However, eCRT 
induces a greater release of both proteins commencing at 
3 hours with fibronectin continuing to be released at high 
levels through 48 hours and collagen waning between 18 and 
24 hours. In addition, low basal levels of elastin are observed 
at 3 hours, induced 2.6-fold by eCRT at this time point, and 
are maintained at this level until 48 hours when basal levels 
are again observed.

Since TGF-β3 release is observed at an earlier time point 
than the ECM proteins, except low basal levels of elastin 
are consistently observed, a time course of eCRT (10  ng/
mL;200  pM) induction of the synthesis of ECM proteins 
and TGF-β1 and TGF-β3 was performed in HFFs. Figure 5D 

F I G U R E  7  Intracellular CRT (iCRT) is required for exogenous CRT-induced ECM production, cellular proliferation, and migration of 
mouse embryonic fibroblasts (MEFs) but not for TGF-β3 induction; eCRT is internalized by CRT genetically null MEFS. Panel A: Similar 
to human fibroblasts, eCRT induces ECM proteins but not integrin α5 in mouse embryo fibroblasts (MEFs) via TGF-β1 canonical signaling. 
Mouse embryonic fibroblasts (MEFs) in media containing 0.5% of FBS were treated with increasing doses of eCRT (0-100 ng/mL [2000 pM]) 
or TGF-β1 (100 pM), in the absence or presence of the TGF-β receptor I serine/threonine kinasve inhibitor, SD208. Cell lysates were collected 
in iced RIPA buffer after 24 hours, protein concentration determined, and 15 µg of protein lysate subjected to immunoblotting (8% acrylamide 
SDS-PAGE) for collagen, fibronectin, elastin, and integrin α-5. Scanned autoradiography films were quantified using Image-Jand densitometry 
of the wells were normalized to the corresponding intensity of β-actin compared to untreated control assigned a value of one. Densitometric 
values are below each well and represented by the linear graph below the blot and adjacent bar graph for TGF-β1 effects. Representative 
immunoblot of n = 4. Panel B: eCRT induces collagen I, fibronectin, elastin, and integrin α5 in wild-type (K41) but CRT null (K42) MEFs 
were unresponsive; basal levels of the procollagen I non-cleaved precursor (259 kDa) is shown in K42 cells. K41 and K42 cells were treated 
with increasing doses of eCRT (0-100 ng/m/ [2000 pM]) and after 24 hours, whole-cell lysates prepared in iced RIPA buffer and equal protein 
concentration subjected to immunoblotting (8% acrylamide SDS-PAGE). Representative immunoblot of n = 3. Panel C: eCRT is internalized 
by K42 CRT null MEFS. MEFs in media containing 0.5% of FBS were treated with 10 ng/mL of eCRT, cell lysates collected in iced RIPA 
buffer at 3, 6, 12, and 24 hours, protein concentration determined, and 10 µg of protein lysate subjected to immunoblotting using a monoclonal 
antibody to human CRT (10% acrylamide SDS-PAGE). eCRT internalization occurs at 3 hours posttreatment with eCRT and is shown to 
decrease over time. Panel D: Internalization of eCRT and an increase in TGF-β3 following eCRT treatment in K42 CRT null MEFs occurs at 
1 hour and are not mediated by LRP1 but partially blocked by Cytochalasin D. K42 MEFs were pretreated with either 250 nM RAP for 1 hour 
or Cytochalasin D for 30 minutes prior to addition of 10 ng/mL eCRT and cell lysates prepared 1 hour later. Unlike collagen I, fibronectin and 
integrin α5 (Panel B), induction of TGF-β3 by eCRT does not involve iCRT. Panel E, F: Intracellular CRT (iCRT) is partially and completely 
required for eCRT stimulation of migration and proliferation, respectively. Panel E: K41 wild-type and K42 CRT null MEFs were seeded in 
24-well plates and migration in response to eCRT analyzed using an in vitro wound healing scratch assay (Methods). After wounding, the 
cells were treated with media alone or with eCRT at 1, 10, 50, and 100 ng/mL and 24 hours later, stained with 0.025% of Coomassie blue, 
imaged using an inverted microscope, and migration quantitated by measuring the area of the wound not covered by cells in pixels using 
Image-J. Quantification of wound closure (cell migration) is represented as Mean ± SD of the % of the area of the plate covered by the cells 
compared to the area at time 0 (n = 3). Panel F: The graph compares K41 and K42 cell migratory responses to eCRT (% migration; n = 3). 
*unpaired Student's t test, K41 versus K42 for CRT 10 ng/mL (P ≤ .0035) and for CRT 100 ng/mL (P ≤ .0018). Panel G: K41 and K42 MEFs 
were treated with increasing concentrations of eCRT (0-100 ng/mL) in media containing 0.5% of FBS in 96-well plates and after 48 hours, 
cellular proliferation was determined by the WST-8 Cell Proliferation assay. Data are represented as Mean ± SD of the % of growth compare 
to the untreated group (n = 3). Whereas K41 MEFs showed a dose-dependent response proliferative response to eCRT, the K42 MEFs were 
unresponsive (unpaired Student's t test, K41 vs K42; (*P ≤ .0000--)
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shows that in cell lysates, TGF-β1 is constitutively produced 
and that CRT (10  ng/mL [200  pM]) induces synthesis of 
TGF-β3 protein at 6.8-fold over the basal level at 3 hours in 
this representative immunoblot. Therefore, the stimulation of 
the synthesis of TGF-β3 is earlier than collagen I and elas-
tin shown at 6  hours (1.76-fold and 1.64-fold, respectively 
[compare untreated to CRT at 10 ng/mL at each time point]). 
eCRT also induces fibronectin at this early time point but, 
as shown in Figure 3A, at 24 hours this appears to be medi-
ated by TGF-β signaling. Thus, the induction of fibronectin 
by eCRT at 3  hours suggests non-TGF-β-mediated signal-
ing earlier and TGF-β signaling during later time points. 
Irrespective of eCRT induced effects on ECM proteins, a 
separate experiment shows basal levels of fibronectin and 
elastin over time exemplifying the erratic and possibly cyclic 
synthesis of these proteins as the cells respond to adhesion re-
quirements for survival (Figure S2). It is notable in Figure 5D 
that eCRT collagen, fibronectin, elastin, TGF-β1, and TGF-
β3 dissipate and are no longer induced by eCRT at 48 hours 
post-treatment.

3.6 | Induction of TGFβ1 release and 
extracellular matrix protein induction by 
exogenous calreticulin but not by exogenous 
TGF-β1 is mediated by LDL Receptor-Related 
Protein-1 (LRP1)

Herein, we show that eCRT induction of ECM proteins is 
mediated with varied dependencies through TGF-β canoni-
cal signaling and that temporally, TGF-β3 is ostensibly syn-
thesized and released from fibroblasts prior to ECM protein 
induction and release (Figure 5C,D). Cell surface CRT has 
been shown to associate with the LRP1/CD91 receptor for 
functional signaling to elicit cellular responses.2,34,62-65 It is 
notable that to date, the LRP1 in a complex with different 
accessory proteins, such as thrombospondin 1, is the only 
signaling receptor shown to mediate exogenous/extracel-
lular CRT-induced activities.2,7 Therefore, to determine 
whether LRP1 is a receptor that initially responds to CRT 
for subsequent downstream signaling through TGF-β ca-
nonical signaling and other signaling mechanisms for ECM 
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and integrin α5 induction, HFFs were pretreated with the 
LRP inhibitor, receptor associated protein (RAP), which ti-
trates out LRP signaling.66 In a representative experiment, 
Figure 6A,B shows that 250 nm and 500 nM RAP partially 
blocks eCRT induction of collagen I, fibronectin, and elastin 
(Figure 6A). However, fibronectin was more fully blocked 
(80%) with the lower concentration of RAP. In contrast, 
blocking LRP1 signaling did not affect eCRT induction of 
integrin α5. These data suggest that eCRT binds to LRP1 
to induce the ECM proteins tested here but that a differ-
ent receptor mediates the induction of integrin α5 in HFFs 
by eCRT. Similar to the data using the TβRI kinase inhibi-
tor, SD208 (Figure 3), the treatment of HFFs with 500 nM 
RAP super-induced collagen I and elastin. However, these 
proteins were induced by eCRT to a greater extent than 
by RAP and, were clearly inhibited by RAP. Importantly, 
TGF-β induction of ECM proteins was clearly not inhibited 

by RAP (Figure 6A) and as shown in Figure 6B, RAP did 
not inhibit activation/phosphorylation of Smad2 or again, 
collagen induction by TGF-β. However, RAP blocked the 
eCRT-induced increase in collagen by 60% but not TGF-β1 
(Figure 6B) induction of collagen. As shown in Figure 6C, 
as measured by ELISA, RAP dose-dependently inhibited 
eCRT-induced release of TGFβ1 from HFFs, which was 
statistically significant at 1 ng/mL eCRT with a trend shown 
at 10  ng/mL. Taken together, the data suggest that eCRT 
induces TGF-β synthesis and release in part, by binding to 
an LRP receptor, likely LRP1, and the release of TGF-β 
subsequently signals via classic canonical TGF-β-Smad2/3 
signaling to induce ECM proteins and α-SMA. However, 
the induction of collagen I and elastin by RAP, the super-
induction of elastin by TGF-β in presence of RAP, and the 
inhibition by RAP of fibronectin at lower concentrations do 
not allow for unequivocal conclusions.

F I G U R E  8  By molar comparison, exogenous calreticulin is less potent than TGF-β1 in induction of ECM proteins. HFFs were treated 
with increasing doses of eCRT (20 pM to 2000 pM or TGF-β1 (2 pM to 100 pM) in media containing 0.5% of FBS. After 24 hours cell protein 
lysates were prepared in RIPA buffer, protein concentrations determined and 10-20 µg of cell lysate applied to well of a 10% of SDS-PAGE. 
Proteins were transferred to nitrocellulose membranes and immunoblotted for collagen I, fibronectin, elastin, TGF-β1, and TGF-β3 followed 
by autoradiography and densitometric scanning of each lane to determine the protein levels in each well normalized to β-actin and compared 
to untreated controls assigned a value of one; values were quantified using image-J. (A,) The intensity of ECM protein bands and TGF-β1 
and TGF-β3 for the treatments of 20 pM eCRT and TGF-β1 are highlighted with a blue rectangle and for (B) 100 pM eCRT and TGF-β1 are 
highlighted with a red rectangle. Fold-induction when comparing levels of each protein for 20 pM TGF-β1 vs eCRT treatments (C) Blue left 
table) and for 100 pM TGFβ1 vs eCRT treatments (D) Red right table) are shown as Mean ± SD values from densitometry values comprising 
3-4 experiments

(A) (B)

(C) (D)
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3.7 | Intracellular CRT (iCRT) is 
required for extracellular/exogenous CRT 
(eCRT)-induced ECM production, cellular 
proliferation and in part, migration of 
fibroblasts but not for eCRT early induction of 
TGF-β3

CRT plays a significant role in collagen I expression, chap-
eroning through the ER, and processing to the fibrillar form 
for extracellular matrix formation.6 CRT null mouse em-
bryo fibroblasts (K42 cells; MEFs) have reduced collagen 
and fibronectin matrix formation compared to wild-type 

(WT) MEFs (K41 cells), which leads to a reduction in ad-
hesion.67 Furthermore, using K42 cells, it was shown that 
TGF-β induction of mature collagen type I and fibronectin 
required intracellular CRT (iCRT).5 Therefore, since we 
show herein that the induction of ECM proteins by eCRT in 
human fibroblasts is largely mediated by TGF-β canonical 
signaling [downstream from LRP1 signaling], the depend-
ence or connection between iCRT and eCRT in the induc-
tion of ECM proteins was investigated comparing mouse 
CRT null K42 cells with wild-type, K41 cells. First, similar 
to HDFs and HFFs, in the representative immunoblot shown 
in Figure 7A, eCRT (0-100 ng/mL) treatment of K41 MEFs 

F I G U R E  9  Exogenous [extracellular] CRT induces collagen I, fibronectin, elastin, and α-smooth muscle actin by LRP1 binding and 
downstream TGF-β canonical signaling, and otherunidentified [signaling] mechanisms. The diagram depicts a simplified version of eCRT outside-
in signaling with the following schema: *(1a) eCRT (orange hexagon) binds to an LRP receptor, possibly LRP1 (pink receptor) [inhibited by RAP]2 
initiating a cascade of uncharacterized intracellular signaling event(s) that elicits the release of TGF-β33 isoform (yellow diamond) by 3 hours and 
subsequently, by binding and activating the TGF-β receptor complex (RII, RI) (purple receptor) and downstream activation of TGF-β transcription 
factors, pSmad2/3 [inhibited by SD208 TβRI ser/thr kinase inhibitor]4 to induce the synthesis and release of the ECM proteins collagen I, 
fibronectin, elastin, αSMA, and TGF-β1.5 The constitutive expression and release of TGF-β1 continues to promote TGF-β canonical signaling 
contributing to the production of these proteins (dashed and dotted line). However, the induction of ECM proteins and αSMA by eCRT is variably 
dependent on TGF-β1 and TGF-β3 signaling via binding to TRβII followed by TRβI (purple) canonical downstream Smad2/3 signaling [inhibited 
by SD208]. *(1b) Extracellular matrix proteins might be directly induced by LRP1 and/or other receptor signaling pathways (orange receptor and 
orange intracellular intermediate signaling pathways). Experiments using CRT null MEFs show the requirement for intracellular CRT (iCRT) (blue 
box) in eCRT-dependent collagen, fibronectin (Fn), elastin, αSMA, integrin α5 induction, cell proliferation, and in part, cell migration. Therefore, 
eCRT and iCRT converge to enable functions important in wound healing. *(1c) In K42 CRT null MEFS, eCRT is internalized by 1 hour in part 
by an endocytic and non-endocytic [receptor] mechanism (blue receptor), and subsequently degraded by 12 hours; internalized eCRT might signal 
to induce ECM proteins and TGF-β3, which is shown to increase in 1 hour in a LRP1-independent manner. The data show a complex process and 
open many avenues for investigation. The induction of TGF-β3 in 1 hour does not require iCRT but results might be different in human fibroblasts 
and at later time points after eCRT treatment
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induces a biphasic response in the levels of collagen I, fi-
bronectin, and elastin proteins (1.6-2.6-fold), which were 
inhibited by SD208. In contrast, similar to the response ob-
tained with human fibroblasts, α5 integrin is induced but 
not inhibited by SD208. The mouse fibroblasts responded 
with similar levels of ECM proteins to both 100 pM TGF-β 
and 2000 pM eCRT (100 ng/mL). Therefore, similar to the 
response of human fibroblasts, TGF-β is 20 times more po-
tent than eCRT in induction of ECM proteins in MEFs. As 
shown in Figure  7B, whereas eCRT induces synthesis of 
collagen I, fibronectin, elastin, and integrin α5 in the WT 
K41 MEFs, none of these proteins were induced in the K42 
CRT null MEFs. Unprocessed collagen I precursor was 
shown at 250 KDa in the K42 cells with both eCRT and 
TGF-β treatment and increasing doses of eCRT appeared to 
reduce this precursor form of collagen. Whereas five times 
more basal levels of fibronectin protein are synthesized 
by the CRT null MEF K42 cells than the wild-type K41 
MEFs, the cells were unresponsive to eCRT. In addition, 
only a very low basal level of α5 integrin is produced in the 
K42 CRT null cells, which is not induced by eCRT.

We exploited the lack of CRT in K42 MEFs to determine 
whether exogenously added CRT could be internalized over 
time by immunoblotting using an antibody to human CRT. 
A low level of CRT in the CRT null cells was detected by 
the antibody, which might be due to CRT derived from the 
FBS that had accumulated on the surface of the cells. By 
the immunoblot shown in Figure 7C, eCRT added to K42 
cells appears to be internalized with an increase of 3.8-fold 
in the cell lysates by 3 hours, which decreases at 6 hours 
to 2.7-fold dissipating by 12 and 24  hours (Figure  7C). 
Alternatively, it cannot be excluded that eCRT was detected 
because of binding the cell surface of the K42 cells that is 
released or degraded on the cell surface overtime. Since as 
shown in Figure 7D, RAP did not inhibit eCRT detection in 
cell lysates, eCRT was not internalized via LRP1 binding. 
More likely, eCRT was internalized by the K42 cells, in 
part, by an endocytic/macropinocytotic mechanism since 
cytochalasin D partially decreased (by 36%) the amount of 
eCRT detected (Figure 7D). In addition, Figure 7D shows 
that TGF-β3 protein is induced within 1 hour in CRT null 
K42 cells, which is not inhibited by RAP but was partially 
inhibited by cytochalasin D. Therefore, unlike ECM pro-
teins and integrin α5, the induction of TGF-β3, in CRT null 
cells does not require iCRT and a receptor other than LRP1 
signals downstream gene targets of TGF-β3.

In vitro activities of eCRT, reported using human fibro-
blasts, are consistent with the role for topical [exogenous] 
CRT in enhancing the rate and quality of wound healing 
thereby underscoring the mechanisms of action of this chap-
erone protein in wound repair.22-24,68 Specifically, in addition 
to ECM induction shown herein, in vitro, eCRT induced con-
centration-dependent migration in a chamber assay, motility 

in a scratch plate in vitro wound healing assay, and stimulated 
proliferation of human and mouse fibroblasts. As we show 
that iCRT is required for ECM and α5 integrin induction by 
eCRT, to determine whether iCRT is similarly required for 
eCRT induction of fibroblast migration and proliferation, 
we performed migration and cellular proliferation assays, as 
previously described,22 using K41 WT and K42 CRT null- 
MEFs. Whereas both the wild-type K41 and K42 CRT null 
cells showed similar closure of the in vitro wound with the 
higher concentration of CRT at 100 ng/mL (Figure 7E,F) the 
wild-type K41 MEFs showed 83%-91% closure of the scratch 
wound at a threshold concentration of 1.0-100 ng/mL. Thus, 
the K42 CRT null MEFs were 10 times less sensitive to eCRT 
than the K41 WT MEFs (compare eCRT 10 ng/mL in K41 
cells [top panel] to K42 cells [bottom panel] (Figure  7E), 
which was statistically significant at 10 ng/mL (P ≤ .0035) 
and 50 ng/mL (P ≤ .0018). (Figure 7F). In addition, whereas 
the K41 WT cells show a dose-dependent proliferative re-
sponse to CRT that peaked at 10 ng/mL (1.5-fold over con-
trol), the K42 CRT null cells were unresponsive (Figure 7G). 
Therefore, similar to eCRT-induction of ECM proteins and 
α5 integrin, cellular proliferation requires intracellular [chap-
erone] CRT (iCRT) and cell migration was blunted in the ab-
sence of iCRT.

3.8 | Calreticulin is less potent in 
induction of ECM proteins than TGF-β1

As noted herein (Figures 2, 3, and 7), eCRT at 2-20 times 
the molar concentration of TGF-β1 induced a lower induc-
tion of ECM proteins. Therefore, to compare the potency 
between eCRT [which as shown herein induces TGF-β1 
and TGF-β3] and TGF-β on ECM and TGF-β1 and TGF-
β3 protein expression, HFFs were treated with increasing 
concentrations of eCRT and TGF-β1 for 24 hours and the 
level of ECM, TGF-β1, and TGF-β3 protein expression an-
alyzed. The representative immunoblots in Figure 8A show 
that at equimolar comparisons of eCRT and TGF-β, eCRT 
treatment of HFFs resulted in lower induction of the target 
proteins. The differences are highly notable by the boxes 
drawn for comparison of eCRT vs TGF-β at 20 (blue) and 
100 pM (red) on the blots. Collagen I and fibronectin in-
duction were more disparate in their responses than TGF-
β1 and TGF-β3. Panel C (Table) of the densitometry values 
from four immunoblots shows the fold increase of TGF-β 
treatment over eCRT at 20 pM (blue outline) and in Panel 
D (Table) at 100 pM (red outline). At both concentrations, 
a similar fold difference was observed. At 20  pM and 
100 pM, TGF-β1 compared to eCRT induced an average 
3.4 and 3.1-fold increase in fibronectin, a 2.6 and 2.0-fold 
increase in collagen I, a 1.3 and 1.7 increase in elastin, a 
1.1 and 1.6 increase in TGF-β1, and a 1.5 and 1.1 increase 
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in TGF-β3, respectively, at 24  hours. The differences in 
induction of collagen and fibronectin by TGF-β were more 
robust than for elastin, TGF-β1, and TGF-β3. Therefore, 
on a molar basis, TGF-β, known to contribute to cutane-
ous scarring due to dysregulated ECM protein synthesis 
induces 1.7-3.4 fold more ECM proteins by human fibro-
blasts in vitro than eCRT, which heals wounds by a tissue 
regenerative process without scarring.22

4 |  DISCUSSION

Following topical application of CRT to full-thickness ex-
cisional wounds on the dorsum of diabetic mice, abundant 
granulation tissue formation was observed within 3  days 
post-wounding compared to scant amounts in buffer-
treated wounds. Consistent with the abundant granulation 
tissue at this early time post-wounding, the CRT treated 
wounds expressed high levels of procollagen I and fi-
bronectin compared to scant amounts in the buffer treated 
diabetic mouse wounds. By day 28 post injury, the pres-
ence of epidermal appendages in the CRT treated wound 
compared to buffer treatment implicates that CRT in-
duced a tissue regenerative process during wound repair. 
Recapitulating the in vivo results and compared with 
TGF-β as a well-known inducer of ECM proteins (posi-
tive control), we show, in vitro, that eCRT dose-depend-
ently induces collagen I, fibronectin, and elastin synthesis 
by human fibroblasts, which was completely or partially 
blocked by chemical inhibition of TGF-β RI kinase activity 
with SD208. Moreover, the studies show that the induc-
tion of ECM proteins by eCRT was deficient in CRT null 
mice. Therefore, eCRT outside-in signaling induces ECM 
proteins and α-SMA that is mediated by TGF-β canonical 
signaling requiring iCRT. However, whereas SD208 com-
pletely blocked TGF-β signaling particularly, eCRT stimu-
lation of elastin was not completely blocked in HFFs and 
HDFs. As RAP, the LRP1 antagonist,64 inhibited eCRT 
but not TGF-β stimulation of ECM proteins or activation 
of the downstream transcription factor for TGF-β targeted 
genes, Smad2P, LRP1 might directly signal through acces-
sory proteins or different intermediate pathways other than 
TGF-β signaling for ECM protein induction. Moreover, 
whereas we show that LRP1 and TGF-β are involved in 
eCRT induction of ECM proteins, their interaction is un-
clear. Consistent with TGF-β canonical signaling, both 
Smad2 and Smad3, were activated by eCRT and blocked 
by SD208. Particularly, Smad3 activation has been asso-
ciated with TGF-β-mediated fibrosis specifically appar-
ent in systemic scleroderma and pulmonary fibrosis37,69,70 
and is essential for the activation of most fibrillar collagen 
genes. Furthermore, Smad3 null mice are protected against 
radiation-induced fibrosis of the skin.71 It is notable that 

treatment with SD208-induced ECM proteins above basal 
levels without the addition of eCRT in neonatal HFFs but 
not adult HDFs and further, super-induced elastin levels 
over eCRT doses in both cell lines. This increase in pro-
tein synthesis might reflect a rebound or positive feedback 
loop in an effort by the cells to maintain adherence to the 
tissue culture plate in the presence of blocking TGF-β re-
ceptor signaling needed for ECM substrate induction for 
cell adhesion. The super-induction of collagen by SD208 
prevented a clear conclusion regarding the extent of TGF-β 
signaling for eCRT induction of collagen. Whereas ECM 
and α-SMA protein induction by eCRT was generally ro-
bust, mRNA levels were consistently below 2-fold and not 
statistically significant. Similar to ECM protein induction, 
TGF-β induced a higher level of transcription of collagen 
and fibronectin than eCRT. Further studies, such as ribo-
some profiling are important to determine mechanisms 
involved in the discordant low levels of mRNA of ECM 
proteins induced by eCRT; low transcription levels of these 
mRNAs has been shown by others.6,8,72 Preliminary stud-
ies using cycloheximide suggest that there is a rapid rate 
of translation of ECM proteins following eCRT treatment 
of HFFs (unpublished results) suggesting a rapid rate of 
mRNA turn-over.

Cell surface integrin receptors consist of heterodimers 
of transmembrane alpha and beta subunits. Following acti-
vation, integrins signal to enable cell adhesion, migration, 
ECM assembly and growth factor signaling, and are thus, 
essential to all phases of wound healing particularly, gran-
ulation tissue formation critical to construct the neodermis 
in wound repair.73,74 We show that eCRT dose-dependently 
increases alpha 5 and beta 1 integrin expression by human 
fibroblasts. However, unlike the ECM proteins and α-SMA, 
induction of these integrins was not mediated by TβRI sig-
naling in human fibroblasts. Again, SD208 super induced 
both integrins at different concentrations, and thus, these 
data are not conclusive. Moreover, TGF-β stimulation of 
alpha 5 was slight or within background levels, whereas 
induction of ECM proteins by TGF-β on a molar basis was 
higher at 1.3-3.4-fold greater than eCRT (Figure 8). eCRT 
induction of both α5β1 integrins and fibronectin may play 
a role in the mechanism of fibroblasts migration into the 
wound and also, keratinocyte migration from the epithelial 
tongues on fibronectin substrate located under the eschar 
to enable wound closure.75 In terms of lack of scarring ob-
served in mouse wounds treated with eCRT, the interaction 
of the fibroblast cell surface α5β1 integrin with fibronec-
tin and fibronectin binding to collagen via its collagen 
binding domain is important for proper collagen fibril for-
mation and organization (non-scarring)76-78 eCRT might 
act through induction of integrins and fibronectin for the 
observed anti-scarring effect shown in mouse excisional 
wounds.22 Interestingly, rotary jet spinning of fibronectin 



   | 15869PANDYA et Al.

into nanofibers, that mimicked the non-scarring fibronectin 
fibrillogenesis found in fetal skin, was shown to accelerate 
wound closure with a tissue regenerative phenotype.79

Time course experiments show that prior to ECM induc-
tion, eCRT specifically induces TGF-β3, which was both 
secreted into the culture media and observed in cell lysates 
of HFFs at 3 hours post-treatment. Basal levels of TGF-β1, 
collagen, fibronectin, and elastin were shown in cell lysates 
at 3 hours but were not induced by eCRT until 6 hours for 
collagen and elastin and 12 hours for fibronectin and TGF-
β1. The temporal cyclical expression of basal levels of elastin 
and fibronectin shown in Figure  S2 is consistent with cell 
signaling negative and positive feedback loops producing 
substratum during dynamic adherence and cell migration. 
Despite rigorous control over cell density, timing of exper-
iments, and consistent cell passage numbers, it appears that 
the adhesion requirement of the cells has interfered with a 
clear and consistent assessment of the induction of ECM 
proteins by eCRT and experimental variability was difficult 
to control. However, taken together, eCRT clearly induces 
ECM proteins via TGF-β signaling and likely other signaling 
pathways or mechanisms and appropriately, collagen and fi-
bronectin are shown in cell lysates prior to their secretion into 
the media (Figure 5C,D).

Whereas in vitro [at 24 hours], eCRT induced both TGFβ1 
and TGF-β3, in vivo, TGF-β3, but not the other isoforms, 
was increased in the dermis following CRT topical treatment 
murine and porcine wounds.23 Specifically, TGF-β3 has been 
shown to regulate migration of epidermal and dermal cells in 
injured skin.80 Whereas auto-induction and cross-induction 
of TGFβ isoforms has been shown,81 TGF-β2 was decreased 
by eCRT in HFFs. As differential functions and localization 
of TGFβ isoforms are known,52 it is possible that the presence 
of TGF-β2 is counterproductive to the tissue regenerative re-
sponse of fibroblasts to eCRT. This is consistent with the lack 
of TGF-β2 in vivo in the wound tissues treated with CRT.22,23 
Notably, eCRT induction of TGFβ3 occurred earlier than its 
effect on TGF-β1. Furthermore, whereas both TGF-β1 and 
TGF-β2 promote fibrosis,40,82 TGF-β3 is associated with an-
ti-fibrotic responses in certain tissues83 and in human clinical 
trials, TGF-β3 improved scarring of full-thickness excisional 
wounds.84 Our data suggest that the induction of TGF-β3 by 
eCRT might shift wound healing toward an anti-fibrotic re-
sponse. Another notable observation is that between 18 and 
48 hours, fibronectin, collagen, elastin, TGF-β3, and TGF-β1 
less so, were no longer induced by CRT suggesting a mecha-
nism of dampening eCRT induction of ECM proteins follow-
ing peak responses. This is an intriguing possibility to explain 
CRT-induction of tissue regeneration vs TGF-β promotion of 
scarring, as shown in vivo following excisional wounding of 
diabetic mice.22

CRT is localized to the cell surface of numerous cell 
types including fibroblasts, endothelial cells, platelets, and 

apoptotic cells but it does not have transmembrane signaling 
function.2 As the low-density lipoprotein (LDL)-receptor re-
lated protein 1 (LRP1) is the only consistently demonstrated 
cell surface signaling receptor for eCRT-mediated effects, we 
evaluated LRP1 as the upstream receptor that binds to exoge-
nous CRT.7,34,63,85 LRP1, composed of a 515 kDa alpha chain 
and 85 kDa beta chain, broadly binds to 35 physically and 
functionally unrelated ligands with high affinity.86 Receptor 
associated protein (RAP), a molecular chaperone that binds 
LRP1 and other members of the lipoprotein receptor family, 
trafficks these receptors to the Golgi where the complex is 
dissociated.87 Interestingly, exogenous RAP is a highly po-
tent antagonist of LRP1 ligand binding, and thus, LRP cell 
surface receptor signaling. Our data show that 500 nM RAP 
blocked eCRT induction of collagen in HFFs. In contrast, 
both elastin and α5 integrin induction by eCRT were not in-
hibited by RAP and in fact, this protein inhibitor appeared to 
have agonistic activity for integrin α5. Notably, the binding 
of RAP to LRP1 without eCRT exerted a 2-fold agonistic 
effect on collagen induction. Therefore, whereas (a) different 
receptor(s) might signal for CRT stimulation of elastin and 
α5 integrin, the apparent agonistic effect of RAP binding to 
LRP1 confounded the ability to detect eCRT-induced LRP-1 
signaling for synthesis of these two proteins. In addition, RAP 
dose-dependently blocked eCRT-induced TGF-β1 release 
from the cells. RAP did not block TGF-β1 direct induction 
of collagen or fibronectin but unexplainably, super-induced 
TGF-β1 induction of elastin. TGF-β1 has been shown to bind 
directly to LRP1 by others,88,89 particularly in the context of 
growth regulation function. However, at least for ECM in-
duction, according to our studies herein, TGF-β1 binding to 
LRP1 is not apparently involved in eCRT induction of ECM 
in HFFs. Whereas LRP1 signaling, blocked by RAP, inhib-
ited CRT-induced fibronectin and collagen implicating LRP1 
in CRT signaling, a more precise unraveling of other recep-
tors for CRT signaling needs further investigation. Other re-
ceptors including scavenger receptor-1 Sca-1 in the context 
of CRT-induced cytokine release by macrophages and endo-
cytic mechanisms for signaling have been shown.36,90,91

Similar to HFFs and HDFs, eCRT induction of ECM pro-
teins, but not α5 integrin in mouse embryo fibroblasts (MEFs) 
is mediated by TGF-β signaling. The TGF-β-mediated fi-
brotic response involves regulation by iCRT5 as CRT null 
mice and lung fibroblasts from idiopathic pulmonary fibro-
sis with siRNA CRT knockdown compared to wild-type and 
non-transfected cells, showed defects in both collagen and 
fibronectin protein production in response to TGF-β with 
Smad2/3 activation remaining intact. Accordingly, CRT null 
MEFs (K42) are less adherent than wild-type MEFs of the 
same murine strain (K41),92 express lower levels of fibronec-
tin,93,94 show differences in metalloproteinase expression95 
and the lack of cytoplasmic CRT obviates its function in 
stabilizing integrin-mediated adhesion to collagen via CRT 
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binding to the cytoplasmic tail of the integrin α subunit.31,96,97 
Conversely, the overexpression of CRT in fibroblasts is con-
sistent with higher fibronectin mRNA and protein, increased 
collagen I (Col1A2) and greater deposition of ECM.93,94 
Similar results as previously shown for CRT null MEFs,6 
were obtained herein by comparing the effect of eCRT on 
ECM protein induction. CRT null MEFs treated with eCRT 
only produced the uncleaved procollagen I precursor and 
collagen was not induced by eCRT compared to wild-type 
MEFs. These results replicate the characteristics of null 
CRT cells expressing increased basal levels of procollagen 
I, which remains unprocessed, bound to iCRT, and retained 
in the ER.6 The CRT null K42 MEFs expressed five times 
higher levels of fibronectin than the wild-type. However, 
again, these cells were unresponsive to eCRT in increasing 
fibronectin levels. Conversely, the induction of TGF-β3 by 
eCRT within 1  hour did not require iCRT. Thus, whereas 
eCRT induction of collagen I and fibronectin by TGF- β re-
quire iCRT, at least the TGF- β3 isoform can be induced by 
eCRT in K42 cells thereby raising more questions regarding 
the interaction and cross talk of TGF-β3 and iCRT in fibro-
sis. Furthermore, eCRT appears to be internalized by K42 
MEFs as shown by 1 and 3 hours post-addition. Since eCRT 
internalization was not inhibited by RAP but was partially 
inhibited by cytochalasin D, eCRT is not internalized through 
LRP1 binding but at least in part, is mediated by an endo-
cytic mechanism apparently involving intracellular endoso-
mal degradation as the level of eCRT dissipates at 6 hours 
and disappears by 12 hours. However, prior to 6 hours, eCRT 
might signal or interact with intermediate signaling mech-
anisms by endosomal escape. The binding of eCRT to the 
cell surface and its entry into the cell, which might involve 
direct translocation through the membrane and/or any en-
docytic mechanism including macropinocytosis, clathrin, or 
caveolae-mediated endocytosis98 warrants further investiga-
tion using specific inhibitors. These experiments elucidate 
new pathways for further analysis of the mechanism of eCRT 
cell surface binding for cell entry and its downstream effects. 
However, since these studies were performed in CRT null 
mouse fibroblasts, whether exogenously added CRT is inter-
nalized by human fibroblasts and is a mechanism of eCRT 
signaling also, should be further investigated. The connection 
between eCRT internalization as a mean for ECM induction 
could not be queried since iCRT is shown herein to be re-
quired for ECM and integrin α5 induction. The rapid increase 
in TGF-β3 observed at 1 hour following addition of eCRT 
was not through LRP1 binding [not inhibited by RAP] but os-
tensibly in part involved a type of endocytic/pinocytotic up-
take mechanism [partially inhibited by Cytochalasin D] and 
in part, binding of eCRT to an unknown cell surface receptor. 
This early, within 1 hour upregulation of TGF-β3 by eCRT in 
CRT null cells, does not involve LRP1 and yet, we show that 
LRP1 mediates eCRT induction of ECM proteins via TGF-β 

canonical signaling. This complicates the role for TGF-β3 
release within 3 hours being involved in signaling for ECM 
induction through binding to the TGF-β receptor complex (RI 
and RII)/Smad2/3 activation. Nonetheless, TGF-β3 signaling 
early through a different receptor (non-LRP1) might initiate 
a separate set of downstream proteins from ECM proteins. 
Since the experiments using RAP to implicate LRP1 signal-
ing by eCRT were performed in a 24 hour window both the 
TGF-β1 and TGF-β3 released have the potential to bind to 
TGF-β receptor complex for eCRT-induced ECM induction 
mediated by these TGF-β isoforms. Clearly, the mechanisms 
involved in eCRT induction of ECM protein through LRP1 
and interactions evoking TGF-β receptor signaling are com-
plex as shown by the data presented herein in which cell-type 
and temporal responses influence outcomes. Thus, the cur-
rent studies raise a plethora of questions that when answered 
should shed light on cellular processes involved in fibrosis.

In direct contrast to our results shown here, exogenously 
added CRT did not increase soluble collagen production in 
wild-type MEFs.6 This is inconsistent with our results in vivo 
showing that topical CRT increases collagen I deposition in 
murine and porcine wounds.22,23 In addition, experimental 
conditions between these studies were disparate as we added 
doses of 1.0 to 100 ng/mL (2000 pM) to the cells, whereas 
Graham et al,6 treated CRT null K42 and K41 wild-type 
MEFs with 1.0  µM eCRT (0.5  ×  108 more eCRT). As we 
show that higher doses of eCRT can decrease ECM proteins, 
this high dose of eCRT might have quelled receptor signal-
ing/cycling by negative feedback thereby muting the collagen 
response. Nonetheless, our data shows a unique requirement 
for iCRT in the level of induction of fibronectin and collagen 
processing by eCRT.

In CRT wild-type K41 MEFs, moderate levels of α5 in-
tegrin were expressed. In contrast, α5 integrin was barely 
expressed in the CRT null MEFs and eCRT did not elicit a 
response. The important role of α5 integrin in sensing the 
ECM and modifying cellular responses, such as in matrix 
remodeling and wound repair, suggests that CRT null cells 
have a deficiency in tissue remodeling. Notably, CRT is a 
critical chaperone for integrins in the ER and in the cyto-
plasm, CRT physically binds to the KxGFFFKR amino acid 
sequence in the cytoplasmic tails of α-integrins for activa-
tion of FAK involved in cell intermediate adhesion related 
to cell migration.2,62,64,96,99 With respect to intracellular CRT 
functions in other aspects of wound healing besides induction 
of ECM proteins and integrins, we show that CRT null cells 
did not respond to eCRT for stimulation of proliferation and 
the eCRT-induced migratory response was blunted. iCRT 
might be required for the chaperoning of proteins required 
for proliferation and migration or in mechanisms related to 
these functions, such as effects on the cytoskeleton.7,64,100 
Nonetheless, it is most interesting that intracellular and ex-
tracellular CRT converge on implementing many functional 



   | 15871PANDYA et Al.

responses involved in the pathological fibrotic response and 
physiological wound healing, which impact the molecular 
level cell functional processes that underscore these systemic 
responses.

The diagram in Figure 9 depicts a series of signaling events 
gleaned from our studies that are involved in eCRT induction 
of ECM proteins, αSMA, and α5 integrin. Although the data 
implicate that other signaling mechanisms are involved, CRT 
signaling via LRP1 induces collagen, fibronectin elastin, and 
α-SMA by the synthesis and release of TGF-β3 (and possibly 
TGF-β1). TGF-βs bind and activate TGF-β receptor signal-
ing thereby initiating Smad2/3 signaling for transcription of 
ECM genes and TGF-β1, requiring iCRT for ECM protein 
trafficking, processing, and release. Other TGF-β-mediated 
functions have been shown to require iCRT. For example, un-
like their wild-type counterparts, CRT null stem cells from 
embryoid bodies are unable to respond to TGF-β in the induc-
tion of epithelial to mesenchymal transition (EMT), a process 
required for cardiomyogenesis101 involving TGF-β regulation 
of the e-cadherin switch and upregulation of Snail2/Slug 
during EMT. These studies showed that calcium-mediated 
signaling via iCRT interaction with calcineurin, the Wnt 
pathway, and TGF-β canonical and noncanonical signaling 
was involved. Thus, this is consistent with the requirement 
for iCRT for ECM induction and, for EMT as a mechanism 
for cardiac stem cell differentiation. Whereas studies to date 
exploited CRT null cells to show the involvement of iCRT 
in TGF-β-mediated functions and moreover,2,3,6,64,101-103 all 
these studies utilized CRT null cells to obviate the function of 
CRT in scarring, the experiments described here are the first 
to show an eCRT- iCRT co-dependency in the mediation of 
CRT-induced functions through outside-in signaling largely 
involving TGF-β signaling. It is possible that eCRT signaling 
exerts cellular actions that changes or counters the course of 
the role of iCRT in fibrosis and scarring by quelling this dy-
namic process.

Harnessing the fibrotic response to ensure that outcomes 
from tissue injury terminate in tissue regeneration is a med-
ically important goal. CRT is the first topically applied bio-
therapeutic that exhibits tissue regenerative characteristics, as 
we have shown for excisional wounds in diabetic mice.22,24 
Organ fibrosis causing loss of function and death contrasts 
directly with functional tissue regeneration. Our data suggest 
that, despite acting via TGF-β signaling to promote ECM 
production, CRT modulates and mitigates the TGF-β fibrotic 
response, as exemplified here, by inducing lower levels of 
ECM proteins. Since repair of fetal wounds early in gestation 
heal by a tissue regenerative process without scarring, we en-
vision that eCRT might exploit certain mechanisms operative 
during fetal tissue (re)-generation. Revealing the mechanisms 
and pathways involved in CRT-driven tissue repair should 
implicate molecular targets to affect healing of both acute and 
chronic wounds by tissue bioengineering.
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