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Calreticulin (CRT), a chaperone and Ca2� regulator,
enhances wound healing, and its expression correlates with
fibrosis in animal models, suggesting that CRT regulates pro-
duction of the extracellular matrix. However, direct regulation
of collagen matrix by CRT has not been previously demon-
strated. We investigated the role of CRT in the regulation of
fibrillar collagen expression, secretion, processing, and deposi-
tion in the extracellularmatrix by fibroblasts.Mouse embryonic
fibroblasts deficient in CRT (CRT�/� MEFs) have reduced tran-
script levels of fibrillar collagen I and III and less soluble colla-
gen as compared with wild type MEFs. Correspondingly, fibro-
blasts engineered to overexpress CRT have increased collagen
type I transcript and protein. Collagen expression appears to be
regulated by endoplasmic reticulum (ER) calcium levels and
intracellular CRT, because thapsigargin treatment reduced col-
lagen expression, whereas addition of exogenous recombinant
CRThad no effect. CRT�/� MEFs exhibited increased ER reten-
tionof collagen, and collagen andCRTwere co-immunoprecipi-
tated from isolated cell lysates, suggesting thatCRT is important
for trafficking of collagen through the ER. CRT�/� MEFs also
have reduced type I procollagen processing and deposition into
the extracellular matrix. The reduced collagen matrix deposi-
tion is partly a consequence of reduced fibronectin matrix for-
mation in the CRT-deficient cells. Together, these data show
that CRT complexes with collagen in cells and that CRT plays
critical roles at multiple stages of collagen expression and pro-
cessing. These data identify CRT as an important regulator of
collagen and suggest that intracellular CRT signaling plays an
important role in tissue remodeling and fibrosis.

Calreticulin (CRT),3 also known as the C1q receptor, is an
endoplasmic reticulum (ER) chaperone, and a modulator of
intracellular calcium signaling. CRT also is a multifunctional

protein that is present in numerous cellular compartments,
including the ER, cytoplasm, nucleus, at the cell surface, and as
a released protein (1–5). There is evidence to suggest the
involvement of CRT in tissue remodeling and wound healing.
In a porcine dermal wound healing model, topical application
of purified CRT increases the rate of wound healing and wound
tensile strength (6). Proteomic data show up-regulation of CRT
expression with fibrosis in a rat model of unilateral ureteric
obstruction kidney fibrosis and in amousemodel of bleomycin-
induced lung fibrosis (7). The mechanisms by which CRT reg-
ulates tissue remodeling are not well understood, although
fibronectin matrix deposition and modulation of cell adhesion,
motility, proliferation, and matrix metalloproteinase expres-
sion have been implicated (6, 8–13).
CRT has effects on the extracellular matrix (ECM) and cel-

lular responses to the ECM. Fibroblasts overexpressing CRT
have increased fibronectin mRNA, protein, and matrix deposi-
tion, and cells lacking CRT express less fibronectin than wild
type cells (9, 14). CRT in the ER is thought to regulate the
fibronectin matrix through regulation of intracellular calcium
signaling (9, 14). In addition, CRT knock-outMEFs have differ-
ences inmatrixmetalloproteinase expression that are regulated
through the ERK and phosphoinositide 3-kinase pathways (10).
Cytoplasmic CRT stabilizes integrin-mediated adhesion to col-
lagen through binding the cytoplasmic tail of the integrin �
subunit and through calcium signaling (15–18). Finally, cell
surface or extracellular CRT can potentially modulate ECM
remodeling through direct binding to ECM molecules and to
cell adhesion receptors, including collagen types I, III, and V,
thrombospondin, �2�1 integrin, and glycoprotein VI (18–20).

CRThasmultiple cellular functions. CRT is an ER chaperone
for N-linked glycoproteins in the CRT/calnexin cycle (21). It
also acts as a classical chaperone for nonglycosylated proteins
by preventing protein aggregation in an in vitro model (22).
CRT is an important regulator of Ca2� homeostasis within the
ER (23, 24). Total CRT expression is up-regulated by many
forms of cellular stress, including amino acid deprivation,
depletion of Ca2� stores, oxidative stress, and hypoxia (25–29).
Despite its lack of a transmembrane domain, CRT is on the
surface of many cell types, including fibroblasts, endothelial
cells, and apoptotic cells. From the cell surface, CRT signals
multiple cellular processes, including apoptotic clearance of
cells, focal adhesion turnover, proliferation, migration, and
anoikis resistance (4, 13, 20, 30–33).Many of these responses to
cell surface CRT are mediated by CRT binding to LRP1 (low
density lipoprotein receptor-related protein 1) (13, 33–35).
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Recent studies from our laboratory show that engagement of
the CRT-LRP1 complex on the cell surface by throm-
bospondin-1 stimulates fibrillar collagen expression in vitro
and in vivo.4 In vitro, exogenous CRT treatment causes prolif-
eration of fibroblasts, endothelial cells, and keratinocytes and
increases keratinocyte and fibroblast migration (6).
Given evidence of CRT function in wound healing and its

expression in fibrotic tissues, we addressed the role of CRT in
regulating fibrillar collagen expression by fibroblasts. Collagen
is a major component of the ECM, important for both the pro-
visional matrix during wound healing and in pathologic tissue
remodeling in fibrosis (36). Collagen synthesis and deposition
are regulated at multiple levels, including transcription, secre-
tion, processing, incorporation into fibrils, and degradation. In
this study, we used mouse embryonic fibroblasts deficient in
CRT and mouse fibroblasts engineered to overexpress CRT to
examine the role of CRT in regulation of fibrillar collagen
expression, trafficking, and incorporation into the ECM. These
studies show that type I collagen transcription, protein expres-
sion, transit through the ER, and incorporation of collagen into
the ECM are regulated by CRT expression. Furthermore, we
provide evidence for CRT affecting collagen through its role in
regulation of ER Ca2� levels and by mediating protein transit
through the ER. In addition, CRT has indirect effects on colla-
gen matrix deposition as a consequence of its role in regulation
of fibronectin expression. These data are the first to demon-
strate the importance of CRT on multiple processes critical for
collagen matrix production.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
with 4.5 g/liter glucose was purchased from Invitrogen. Ascor-
bic acid and thapsigarginwere purchased fromSigma. Vectash-
ield was purchased from Vector Laboratories (Burlingame,
CA), and goat serum was purchased from MP Biomedicals
(Solon, OH). Recombinant rabbit calreticulin was a gift from
Dr. Leslie Gold (New York University) (6). Calreticulin was
stored in 10 mM Tris, 3 mM CaCl2, pH 7.0. Human fibronectin
andmouse anti-GM130 antibodywere purchased fromBDBio-
sciences. Rabbit anti-CRT (SPA-600), mouse anti-CRT (SPA-
601), and rabbit anti-calnexin (SPA-860) were purchased from
StressGen (Ann Arbor, MI). Rabbit anti-mouse type I collagen
was purchased fromMD Biosciences (MD20151, Zurich, Swit-
zerland). Rabbit anti-ERK1/2 was purchased from Cell Signal-
ing (p44/42 MAPK, catalog no. 9102, Beverly, MA). Mouse
monoclonal antibody to HSP47 (M16.10A1) was purchased
fromAbcam (Cambridge,MA). Goat anti-prolyl 4-hydroxylase
�-1 antibody was purchased from Novus Biologicals (NB100-
57852, Littleton, CO). Rabbit anti-�-tubulin, mouse anti-HA
(sc-7392), and goat anti-collagen type I (C-18) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). AlexaFluor
488 goat anti-rabbit IgG, AlexaFluor 488 donkey anti-goat IgG,
Texas Red donkey anti-rabbit, AlexaFluor 543 goat anti-mouse
IgG, and Hoechst 33342 were purchased from Invitrogen. Rab-
bit TrueBlotTM HRP anti-rabbit and mouse TrueBlotTM HRP

anti-mouse secondary antibodies were purchased from eBio-
science (San Diego). Coomassie Plus protein assay reagents
were purchased from Pierce. Western Lightning Chemilumi-
nescence Reagent Plus was purchased from PerkinElmer Life
Sciences, and ReBlot strong stripping solution was purchased
from Chemicon (Billerica, MA). Peptides uses are as follows:
CRT-binding TSP1 peptide, hep I (ELTGAARKGS-
GRRLVKGPD), and control peptide, modified hep I, (ELT-
GAARAGSGRRLVAGPD) were purchased fromAnaSpec, Inc.
(San Jose, CA).
Cells—Wild type mouse embryonic fibroblasts (MEFs), cal-

reticulin-null (CRT�/� MEFs), and calreticulin-null MEFs sta-
bly transfected with the pcDNA3 expression vector to express
rabbit HA-tagged CRT (37) were gifts from Dr. Marek Micha-
lak (University of Alberta, Edmonton, Alberta, Canada). The
HA-CRT-reconstituted CRT�/� cells were shown to express
HA-tagged CRT and to respond to the CRT-binding peptide of
TSP1 in focal adhesion disassembly assays (data not shown).
Mouse L fibroblasts (CRT underexpressors, parental cells, and
CRT overexpressors) were provided by Dr. Michal Opas (Uni-
versity of Toronto) and Dr. Marek Michalak. These lines were
engineered to express either twice the parental levels of CRT
(CRT overexpressors) or half of the parental level of CRT
expression (CRT underexpressors), as well as the parental L
fibroblasts (parental cells) as described previously (38). Cells
were maintained in high glucose DMEM with 10% FBS and 2
mM L-glutamine. Mouse L fibroblasts also were cultured in the
presence of 100 �g/ml G418 sulfate (Cellgro). Cells routinely
were assayed for mycoplasma using the MycoAlert� myco-
plasma detection kit (Lonza).
Quantitative Real Time PCR—MEFs were grown in DMEM

with 10% FBS and 2 mM L-glutamine for 48 h and then in
DMEM with 0.5% FBS and 2 mM L-glutamine for 12 h with or
without treatment. RNA was harvested after 12 h in 0.5% FBS
using TRIzol� reagent.Mouse L fibroblasts were grown to con-
fluence in 10% FBS before RNA was harvested. RNA was iso-
lated according to the manufacturer’s instructions. Quantita-
tive real time PCR was performed using standard protocols
with an ABI7500 (Applied Biosystems). The �2(I) chain of col-
lagen I (Col1A2), �1(III) chain of collagen III (Col3A1), throm-
bospondin-1 (Thbs1), and mitochondrial ribosomal protein S9
(housekeeping gene) were assayed using TaqMan gene expres-
sion assay primers designed and optimized by Applied Biosys-
tems. Col1A2 primer ID is Mm01165187_m1; Col3A1 primer
ID isMm00802331_m1;Thbs1 primer ID isMm01335418_m1;
and S9 primer ID is Mm00469845_m1. Col1A2, Col3A1, and
Thbs1 levels were normalized to S9 levels. Results are expressed
as the mean � S.D. of 3–8 samples (indicated in figure legend)
assayed in triplicate.
Soluble Collagen Assays—Wild type andCRT�/�MEFswere

cultured for 48 h in DMEM supplemented with 10% FBS and 2
mM L-glutamine (Glutamax, Invitrogen). Cells were then
switched to DMEM with 0.5% FBS, and cells were cultured for
another 72 h. Cells were dosed daily with treatments in DMEM
with 0.5% FBS. Mouse L fibroblasts were cultured under the
same conditions, except that these cells were plated on wells
coated with fibronectin and cultured in the presence of 100
�g/ml G418. Conditioned medium was collected in the pres-

4 M. T. Sweetwyne, L. Van Duyn Graham, M. A. Pallero, A. Lu, and J. E. Murphy-
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ence of protease inhibitor mixture (Sigma) and centrifuged at
15,000� g for 5 min to remove cell debris. For measurement of
soluble collagens, the SircolTM assay was used (Biocolor, Ire-
land). Two hundred microliters of medium were added to 1 ml
of SircolTM reagent containing Sirius Red in picric acid. Condi-
tionedmedium and SircolTM reagent were rotated for 30min at
room temperature and then pelleted at 12,000� g for 15min at
room temperature. Excess dye was removed from the tube, and
the pellet was reconstituted in the provided alkali reagent.
Absorbancewas read at 540 nmusing a plate reader. A standard
curve was made using rat tail collagen (provided by manufac-
turer). The concentration of soluble collagen in the conditioned
media was determined from the standard curve. Results were
normalized to cell number determined by counting of
trypsinized cells using a hemocytometer.
Protein Concentration Assay—Cells were cultured for 24 h in

DMEM with 10% FBS and 2 mM L-glutamine. Cells were then

switched to serum and phenol-red
free DMEM with 2 mM L-glutamine
for 24 h. Conditioned medium was
then collected with protease inhibi-
tors, centrifuged to pellet cells, and
measured for protein concentra-
tion. Protein concentration was
measured using the Coomassie Plus
reagent (Pierce) according to the
manufacturer’s instructions and
normalized to cell number as deter-
mined using a hemocytometer.
Deoxycholate Separation of Cell

and Extracellular Matrix Frac-
tions—Cells were cultured for 48 h
in DMEMwith 10% FBS. Cells were
then treated daily over a 72-h period
with treatments in DMEM with
0.5% FBS. The protocol for extrac-
tion of the deoxycholate (DOC)-in-
soluble ECM was modified from
Midwood et al. (39). Conditioned
media were removed, and the cells
and ECM were washed with PBS.
Cells and ECM were harvested by
scrapingwith 300�l of 4%DOC (4%
DOC in 20 mM Tris-HCl, pH 8.8,
with 200 microunits/ml DNase and
protease inhibitors), and the extract
was homogenizedwith a 271⁄2-gauge
needle. The extract was pelleted at
17,000 � g for 30 min at 4 °C. The
supernatant was kept as the DOC-
soluble fraction. The pellet was
washed with 4% DOC and pelleted
again to generate the DOC-insolu-
ble fraction. The DOC-soluble frac-
tion contains cellular material and
components not incorporated into
the ECM, whereas the DOC-insolu-
ble pellet contains ECM (39). The

DOC-insoluble fraction was resolubilized in 1% SDS, 25 mM

Tris-HCl, pH 8.0, plus protease inhibitors for analysis by SDS-
PAGE and immunoblotting.
SDS-PAGE and Immunoblotting for Collagen in Cell and

ECM Fractions—Immunoblotting was performed as described
previously (20, 40, 41). Briefly, the total DOC-insoluble fraction
and 1/10th of theDOC-soluble fractionwere separated by SDS-
PAGE (4–15% gradient gel) under reducing conditions. Pro-
teins were transferred to nitrocellulose and blocked with 1%
casein, and membranes were probed with rabbit anti-mouse
collagen I (MD Biosciences). The anti-collagen I antibody rec-
ognizes the procollagen �1(I) chain with the N- and C-propep-
tides, the pC-propeptide chain (pC-�1(I)), and the �1(I) chain
with both the N- and C-propeptides cleaved (42, 43). Mem-
branes were washed with TBS-T (10 mM Tris-HCl, pH 7.6, 100
mM NaCl, and 0.1% Tween 20), probed with appropriate sec-
ondary antibody, and developed using Western Lightning

FIGURE 1. Cells deficient in CRT expression have reduced collagen transcript and soluble collagen.
A–C, wild type and CRT�/� MEFs were cultured in 10% FBS for 48 h and then 12 h in 0.5% FBS. RNA was
harvested, and transcript levels of type I collagen, Col1A2 (A), type III collagen, Col3A1 (B), and Thbs1 (C) were
measured by quantitative real time PCR. Values represent the mean expression levels normalized to S9 expres-
sion � S.D. (for Col1A2, n � 8; for Col3A1, n � 5; for Thbs1, n � 4; each “n” was performed in triplicate). Values for
wild type cells were set to 1. D–F, wild type and CRT�/� MEFs were cultured in 10% FBS for 48 h and then 72 h
in 0.5% FBS. Conditioned media were collected after the 72 h. D, conditioned media were assayed for levels of
soluble collagen using the SircolTM assay. Soluble collagen levels were normalized to cell number. Results are
expressed as the mean � S.D. (n � 3 separate experiments performed in triplicate). E, equal volumes of
conditioned media were immunoblotted (IB) for type I collagen. A representative blot is shown with a lighter
exposure to visualize collagen in the wild type MEFs and a darker exposure to visualize collagen in the CRT�/�

MEFs. All four panels are from the same membrane. A representative blot is shown (n � 3 separate experi-
ments). The three forms of the �(I) chain of collagen I recognized by the antibody are indicated as follows: Pro
is the unprocessed form with the N- and C-propeptides; pC is collagen with the N-propeptide cleaved; and �1(I)
is the fully processed �(I) band. F, membrane from E was stained with Ponceau S to demonstrate protein
loading. G, cells were grown for 24 h in 10% FBS and then for 24 h in serum-free and phenol-free DMEM.
Conditioned media were collected in the presence of protease inhibitors and centrifuged, and the supernatant
was measured for total protein by the Bradford assay. Total protein was normalized to cell number.
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Chemiluminescence Reagent Plus (PerkinElmer Life Sciences).
Membranes were stripped with ReBlot strong (Chemicon) and
reprobed rabbit anti-total ERK (Cell Signaling) to show separa-
tion and equal cellular material.
Immunofluorescence—Coverslips were washed by tumbling

with 10% SDS with subsequent submersion in 0.5% Triton
X-100, deionized water, and stored in 70% ethanol. Cells were
plated on coverslips in a 24-well plate at 10,000 cells/well. Cells
were cultured in DMEM with 10% FBS and 2 mM L-glutamine
for 36 h and then switched to DMEM with 0.5% FBS with or
without daily a treatment of 20 �M ascorbic acid. After 48 h,
cells were fixed in acetone at �20 °C for 1 min. Cells were
blocked in 2.5% goat serum � 4% bovine serum albumin for 10
min at room temperature. Primary antibody was rabbit poly-
clonal anti-mouse type I collagen used at 1:200 for 2 h at room
temperature. For co-localization studies, cells were fixed as
described above and blocked with 0.1% fish skin gelatin � 4%
bovine serum albumin for 20 min at room temperature. Rabbit
anti-type I collagen (1:200) was incubated simultaneously with
mouse anti-GM130 IgG (1:200) for Golgi co-localization. Goat
anti-type I collagen (1:200) was incubated simultaneously with
rabbit anti-calnexin (1:200) as an ER marker for 2 h at room
temperature. Secondary antibodies were AlexaFluor 488 goat

anti-rabbit IgG and AlexaFluor 543
goat anti-mouse IgG (for Golgi),
AlexaFluor 488 donkey anti-goat
IgG, and Texas Red donkey anti-
rabbit IgG (for ER), all used at 1:300
for 1 h at room temperature. Nuclei
were stained using Hoechst 33342.
Coverslips were mounted with
Vectashield. For analysis of cell col-
lagen and collagen fibrils, cells were
imaged using a Nikon Eclipse
TE2000-U inverted microscope.
Exposure time was below the back-
ground threshold of a nonimmune
IgG control. Exposure time and
intensity range were the same for
each image. Scale bar equals 50 �m.
Contrast-adjusted post-imaging
was equal for all images. For co-lo-
calization studies, cells were imaged
using a LeitzOrthoplan upright dig-
ital microscope. Intensity ranges
were the same for each image. Orig-
inal magnification was �63. Con-
trast-adjusted post-imaging was
equal for all images.
Focal Adhesion Disassembly As-

say—Focal adhesions were meas-
ured as described previously (44).
For treatments, cells were serum-
starved for 30 min, incubated with
recombinant CRT (1 �M) for 30
min, and then incubated with the
hep I peptide or the modified hep I
control peptide (10 �M) for 30 min.

Thapsigargin Treatment—Cells were cultured for 48 h in
DMEM supplemented with 10% FBS and 2 mM L-glutamine.
Cells were rinsed with PBS and treated for 2 h with 100 nM
thapsigargin or vehicle (DMSO) in serum-free medium. Cells
were rinsed with PBS and then incubated in DMEM with 10%
FBS and 2mM L-glutamine for 8 h. Cells were washed with PBS,
and total cell lysates were obtained as described below.
Total Protein Isolation for Immunoblotting—Total cell

lysates were obtained by scraping cells and ECM into Laemmli
sample buffer (Bio-Rad) with protease inhibitor (Sigma) and 5%
�-mercaptoethanol, sonicated for 5 s, and boiled at 100 °C for 7
min. Equal volumes of sample were loaded onto a 4–15% gra-
dient gel (for type I collagen) or 10%SDS-polyacrylamide gel for
CRT, HSP47, and prolyl 4-hydroxylase. Immunoblotting was
performed as described previously (20) and above. Rabbit anti-
�-tubulin (Santa Cruz Biotechnology) was used for
normalization.
Immunoprecipitation—Cells were grown for 2–3 days in

DMEM with 10% FBS and 2 mM L-glutamine until confluency.
Cells were trypsinized, pelleted, and washed three times with
Dulbecco’s phosphate-buffered saline with 2 mM L-glutamine.
Cells were lysed with 1% Nonidet P-40, 150 mM NaCl, 50 mM

Tris, pH 8, with protease inhibitor, and lysates were passed

FIGURE 2. Increased calreticulin expression correlates with increased collagen transcription and expres-
sion. A, RNA was harvested from confluent CRT underexpressors, parental cells, and CRT overexpressors.
Transcript levels of type I collagen, Col1A2, were analyzed by quantitative real time PCR. Values represent the
mean expression levels normalized to S9 expression � S.D., and values for wild type cells were set to 1 (n � 4,
each performed in triplicate). NS, not significant. B–D, cells were cultured on 10 �g/ml fibronectin substrata in
10% FBS for 48 h and then in 0.5% FBS for 72 h. Conditioned media were collected after the 72 h. B, conditioned
media from CRT underexpressors, parentals, and CRT overexpressors were assayed for levels of soluble colla-
gen using the SircolTM assay. Soluble collagen levels were normalized to cell number. Results are expressed as
the means � S.D. (underexpressors, n � 6 obtained from three separate experiments; parentals, n � 7 obtained
from three separate experiments; overexpressors, n � 4 obtained from two separate experiments). C, equal
volumes of conditioned media were immunoblotted (IB) for type I collagen. A representative blot is shown (n �
3 separate experiments). D, membrane from C was stained with Ponceau S to demonstrate equal loading.
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seven times through a 271⁄2-gauge needle. Protein concentra-
tion was determined as described above. GammaBindTM
G-SepharoseTM beads (GEHealthcare) were blocked overnight
at 4 °C in 0.1%ovalbumin inDMEMand then incubatedwith 10
�g of mouse anti-CRT (StressGen, SPA-601), 10 �g of mouse
anti-HA (Santa Cruz Biotechnology), 6�g of rabbit anti-mouse
type I collagen (MDBiosciences), 10�g ofmouse IgG, or 6�g of
rabbit IgG for 1 h at 4 °C in DMEM with 0.1% ovalbumin and
0.1% Triton X-100 (DTO). Beads were washed three to four
times with DTO. Cell lysates were precleared with Gamma-
BindTM G-SepharoseTM beads and then incubated with equal
amounts of protein from cell lysates for 1 h at 4 °C. Beads were
washed four times with DTO, and bound proteins were eluted
with reducing Laemmli sample buffer and boiled. Samples were
run on an 8% SDS-PAGE and immunoblotted as described,
except that the secondary antibodies used for immunoblotting
were rabbit TrueBlotTM HRP anti-rabbit IgG and mouse
TrueBlotTM HRP anti-mouse IgG.
Fibronectin Substrate Preparation—When indicated, mouse

L fibroblasts andMEFswere plated onwells coatedwith human
fibronectin. Wells of a 6-well plate were coated with 1 ml of 10
�g/ml fibronectin in PBS with Mg2� and Ca2� for at least 1 h.
Excess liquid was removed before cells were plated.
Statistics—The replicates for each SircolTM graph are stated

in the figure legends, and results are expressed as the means �
S.D. Quantitative real time PCR graphs represent the means �
S.D. of 3–5 or 8 experiments each performed in triplicate. Data
were analyzed for statistical significance using one-way analysis
of variance. p � 0.05 was considered significant.

RESULTS

Calreticulin Expression Correlates with Collagen Transcript
and Protein Levels—Wild type and CRT knock-out MEFs were
compared for relative transcript levels of types I and III collagen
using quantitative real time PCR. Transcript levels of both type
I and III collagen in CRT�/� MEFs were about 60% of levels
measured in wild type MEFs (Fig. 1, A and B). To determine
whether all ECM proteins are similarly regulated by CRT
expression, transcript levels of TSP1, another ECM protein
involved in tissue remodeling, were measured (45). In contrast
to collagen, TSP1 was increased in the CRT�/� MEFs (Fig. 1C).
To further investigate the role of CRT in regulating collagen
expression, we compared soluble collagen protein in the wild
type MEFs and CRT�/� MEFs. Fibroblasts were cultured, and
conditioned media were collected over the last 72 h for mea-
surement of soluble collagens using the SircolTM assay.
CRT�/� MEFs had significantly reduced levels of soluble colla-
gen protein in the conditioned medium as compared with wild
type MEFs (Fig. 1D). Because the SircolTM assay measures all
soluble fibrillar collagens, conditioned media from wild type
and CRT�/� MEFs were analyzed specifically for type I colla-
gen by immunoblotting (Fig. 1E). Immunoblot analysis showed
increased type I collagen in the conditioned medium of wild
typeMEFs as comparedwith knock-out cells, despite loading of
equivalent amounts of protein as determined by Ponceau S
staining (Fig. 1F).
To determine whether this decrease in soluble collagen pro-

tein expression in CRT�/� MEFS reflects a general defect in

protein synthesis or secretion due to CRT deficiency, condi-
tionedmedia fromwild type andCRT�/� cells were assayed for
levels of total soluble protein relative to cell number. Interest-
ingly, there is more protein in the conditioned medium of
CRT�/� MEFs than in the wild type MEFs (Fig. 1G). This find-
ing was confirmed by analysis of secreted proteins evaluated on
silver-stained polyacrylamide gels (data not shown). Together,
these results show that type I collagen transcript and protein
are reduced in the absence of CRT, despite normal to elevated
levels of overall protein expression and secretion.
Because increased CRT expression has been reported in

fibrotic diseases characterized by excessive collagenproduction
(7), we asked whether overexpression of CRT increases colla-
gen transcript and protein expression. We used mouse L fibro-
blasts engineered to express either half (CRT underexpressors)
or twice parental fibroblast levels of CRT (CRT overexpressors)
(38). Transcript levels of type I collagen were evaluated in these
variable CRT-expressing fibroblasts using quantitative real
time PCR. CRT overexpressors have 2.4-fold higher levels of
Col1A2 transcript as compared with parental cells (Fig. 2A).
There were no significant differences in transcript levels
between theCRTunderexpressors and the parental cells. These

FIGURE 3. Absence of CRT expression reduces type I collagen secretion
and ECM incorporation. Wild type and CRT�/� MEFs were cultured for 48 h
in 10% FBS and then 72 h in 0.5% FBS. Deoxycholate was used to separate the
cell fraction (DOC-soluble) from the ECM fraction (DOC-insoluble). The entire
ECM fraction and 1/10th of the cell fraction were separated by SDS-PAGE.
A, after transfer, membrane was immunoblotted (IB) for type I collagen. Blots
were stripped and reprobed with an antibody to total ERK. A representative
blot is shown (n � 3 separate experiments). B, gel was stained with Coomassie
Blue to detect total protein in each sample.
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results demonstrate that elevated CRT expression correlates
with increased transcription of type I collagen.
Soluble collagen in the conditioned media was evaluated

using the SircolTM assay and by immunoblot analysis. CRT
overexpressors have increased levels of soluble fibrillar colla-
gens and of type I collagen protein as compared with the paren-
tal cells (Fig. 2, B and C). This increase in collagen is observed
despite loading of equivalent protein asmeasured by Ponceau S
(Fig. 2D). Consistent with transcript levels, there were no sig-
nificant differences in soluble collagen levels between CRT
underexpressors and parental cells. The combined results
obtained from studies with CRT overexpressing and CRT�/�

cells suggest that the level of CRT expression by cells is a deter-
mining factor in regulating type I collagen transcript and pro-
tein in the conditioned media.
Calreticulin Deficiency Is Associated with Increased Intracel-

lular Retention of Type I Collagen, Altered Processing, and
Reduced Deposition in the ECM—Secretion of collagen and
incorporation into the ECM are critical for matrix formation
and remodeling. To further investigate the role of CRT in col-
lagen secretion and deposition, we examined the effect of CRT
expression on incorporation of type I collagen into the deoxy-
cholate detergent-insoluble ECM. Deoxycholate ECM extrac-
tion is awell establishedmethod of separating cellular andECM
fractions (39). Analyses of the detergent-insoluble ECM of wild
type and CRT�/� MEFs showed that CRT�/� MEFs had
decreased type I collagen deposition in the deoxycholate-insol-
uble ECM as compared with the wild type MEFs (Fig. 3A).
Interestingly, despite reduced levels of collagen transcript and

soluble protein, CRT�/� MEFs
show increased levels of intracellu-
lar type I collagen in the detergent-
soluble fraction as compared with
wild typeMEFs (Fig. 3A), suggesting
that there is an additional defect in
the CRT�/� cells that alters colla-
gen trafficking and secretion. Total
protein detected by Coomassie
Blue-stained SDS-polyacrylamide
gels of the detergent-soluble and
-insoluble fractions of wild type and
CRT�/� MEFs does not show
apparent differences between the
two cell types (Fig. 3B), indicating
that collagen is specifically regu-
lated by the absence of CRT. Fur-
thermore, CRT�/� MEFs have
increased staining for intracellular
type I collagenwith no apparent col-
lagen matrix fibrils (Fig. 4B),
although there is comparatively lit-
tle intracellular type I collagen
staining andmore staining for colla-
gen in short extracellular fibrils in
the wild type MEFs (Fig. 4A).

Following secretion of procolla-
gen, the molecule is processed by
cleavage of the N- and C-terminal

propeptides, which is required for proper fibril assembly (46).
The type I collagen in the detergent-insoluble ECM of CRT�/�

MEFs shows an absence of the fully processed form of type I
collagen, although both uncleaved and N-terminal cleaved
forms are present (Fig. 3A). Soluble type I collagen in the con-
ditioned medium of CRT�/� MEFs also is not fully processed
(Fig. 1E). This suggests that a CRT deficiency leads to altered
collagen processing, possibly involving defects in C-terminal
propeptide cleavage.
Exogenous CRT Treatment Does Not Increase Collagen

Expression—Exogenous CRT can bind to the cell surface and
mediate TSP1-stimulated focal adhesion disassembly and
increase type I collagen production4 (12). In addition, exoge-
nous CRT treatment enhances wound healing and increases
proliferation and migration of fibroblasts (6). Therefore, we
askedwhether the differences in collagen between thewild type
and CRT�/� MEFs were due to intracellular CRT or extracel-
lular/cell surface CRT. Neither wild type nor CRT�/� MEFs
treated with recombinant CRT showed increased soluble colla-
gen production in the conditioned media as compared with
untreated cells (Fig. 5A). Ascorbic acid treatment increases col-
lagen production and was used as a positive control (36,
47–49). Furthermore, there was no increase in type I collagen
in the detergent-insoluble ECM when CRT�/� MEFs were
treatedwith exogenousCRT (Fig. 5B). To verify that the recom-
binant CRT was functional and can bind to the surface of
CRT�/� MEFs, we investigated its ability to mediate TSP1-
stimulated focal adhesion disassembly (12). CRT�/� MEFs
were incubated with recombinant CRT and then stimulated

FIGURE 4. CRT�/� MEFs have reduced collagen fibril formation and increased intracellular retention of
type I collagen. Wild type and CRT�/� MEFs were cultured on treated coverslips for 36 h in 10% FBS and then
for 48 h in 0.5% FBS with or without daily treatments of 20 �M ascorbic acid. Type I collagen was detected with
rabbit anti-type I collagen antibody. Exposure time and intensity range were the same for each image. Contrast
adjusted post-imaging was equal for all images. Scale bar, 50 �m. Nuclei were detected by Hoechst staining
and photographed, and the number of nuclei in each image was counted to evaluate relative cell number.
A, wild type MEFs with no treatment, 75 nuclei. B, CRT�/� MEFs with no treatment, 87 nuclei. C, wild type MEFs
with ascorbic acid, 69 nuclei. D, CRT�/� MEFs with ascorbic acid, 93 nuclei.
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with the CRT-binding TSP1 peptide, followed by assessment of
focal adhesion disassembly. Consistent with previous studies
(12), this preparation of recombinant CRT also mediates focal
adhesion disassembly (data not shown). Therefore, these data
suggest that intracellular CRT, rather than extracellular or cell
surface-boundCRT, is primarily involved in regulating collagen
expression by these fibroblasts.
IntracellularCa2�Regulates Type ICollagenExpression—In-

tracellular CRT is a well known regulator of Ca2� levels within
the ER. Increased CRT expression correlates with increased
Ca2� stores in the ER and increased Ca2� release after stimu-
lation (50). In contrast, CRT�/� MEFs have reduced ER Ca2�

and a lower capacity to store Ca2� in the ER (37). A high Ca2�

concentration in the ER has been suggested to be necessary for
the proper chaperoning of collagen (51). To determinewhether
CRT regulation of ER Ca2� release is involved in regulation of
collagen expression in these cells, wild type and CRT�/� MEFs

were treated for 2 h with 100 nM thapsigargin, an inhibitor of
the sarcoplasmic/endoplasmic reticulum Ca2�-ATPase, which
decreases ER Ca2� stores available for release. Cells were then
returned to growthmedium for 8 h (9). Thapsigargin treatment
(100 nM) decreased levels of type I collagen in cell lysates in both
cell lines (Fig. 6), although the CRT�/� MEFs were more sen-
sitive to changes in calcium, having a proportionally greater
decrease in collagen production after treatment. Because of the
reduced total Ca2� levels and the reduced ability to buffer ER
Ca2�, the CRT�/� MEFs appear to be more sensitive to Ca2�-
dependent regulation of collagen. These data indicate that reg-
ulation of collagen expression by CRT potentially involves CRT
regulation of ER Ca2� stores.
CRT Plays a Role in Type I Collagen Retention in the ER and

Associates with Procollagen within the Cell—Intracellular CRT
is a key factor involved in mediating protein folding in the ER,
an important step for protein trafficking from the ER (50, 52,
53). Based on our observations that CRT�/� cells have
increased intracellular pools of collagen, we asked whether the
increase in intracellular collagen in the CRT�/� MEFs might
reflect an inability to transport collagen out of the ER. It is
documented that incorrectly folded proteins are retained in the
ER in calreticulin-deficient cells (52). Indeed, collagen co-local-
ized with calnexin, a marker of the ER and a CRT partner in the
calnexin-CRT cycle of protein folding (53), in the CRT�/�

MEFs but had minimal localization in the Golgi as detected by
staining for the Golgi marker GM130 (Fig. 7, a–f). The
increased retention of type I collagen in the ER in the absence of
CRT suggests that CRT is important for the proper folding of
collagen and trafficking of collagen from the ER to the Golgi. If
this is the case, then CRT and type I procollagen should be
complexed in the ER. Although purified CRT has been shown
to bind to purified fibrillar collagens in an enzyme-linked
immunosorbent assay (19), binding between CRT and collagen
within cells has not been demonstrated. Therefore, wild type
MEFs were trypsinized to isolate them from extracellular col-

FIGURE 5. Exogenous CRT does not increase soluble collagen or type I
collagen deposition into the ECM. A and B, wild type and CRT�/� MEFs were
cultured for 48 h in 10% FBS and then treated daily with vehicle control (no
treat), 1 �M recombinant CRT, or 20 �M ascorbic acid in DMEM with 0.5% FBS
for 72 h. A, conditioned media were assayed for levels of soluble collagen
using the SircolTM assay and normalized to cell number. Results are expressed
as the mean value � S.D. (Wild type no treat, wild type � ascorbic acid,
CRT�/� MEFs � CRT, CRT�/� MEFs � ascorbic acid: n � 4 from three different
experiments; wild type � CRT: n � 3 from two experiments; CRT�/� MEFs no
treat, n � 5 from four experiments.) NS, not significant. B, type I collagen
deposition was measured by immunoblot (IB) of the DOC-soluble and -insol-
uble fractions. The entire ECM fraction and 1/10th of the cell fraction were
separated by 4 –15% SDS-PAGE and immunoblotted for type I collagen. Mem-
branes were stripped and reprobed with an antibody to total ERK. A repre-
sentative blot for collagen is shown (n � 4 separate experiments).

FIGURE 6. Type I collagen expression is dependent on ER Ca2�. Wild type
and CRT�/� MEFs were cultured for 48 h in 10% FBS and then treated for 2 h
with 100 nM thapsigargin or vehicle control (DMSO) in serum-free medium.
Then cells were rinsed and cultured for 8 h in DMEM with 10% FBS. Cells and
ECM (total cell lysate) were harvested in reducing Laemmli sample buffer.
Equal volumes of cell lysates were separated by 4 –15% SDS-PAGE, trans-
ferred to nitrocellulose, and immunoblotted (IB) for type I collagen. Blots were
stripped and reprobed for �-tubulin. A representative blot is shown (n � 5 in
two separate experiments).
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lagen, lysed, and then immunoprecipitated with antibody to
type I collagen. CRT co-immunoprecipitated with type I pro-
collagen in these cell lysates (Fig. 8A). Furthermore, we were
able to detect CRT-type I collagen complex formation in
CRT�/� MEFs stably transfected with HA-tagged CRT
(CRT�/� MEFs � HA-CRT) (37). Production of HA-tagged
CRT and type I collagen was confirmed in these cells (data not
shown). HA-CRT and type I procollagen co-immunoprecipi-
tated when precipitated by either anti-type I collagen antibody,
anti-CRT antibody, or anti-HA antibody (Fig. 8, B–D). These
studies show that CRT and type I collagen exist in the cell in a

complex that can be immunopre-
cipitated from isolated cells and that
CRT is necessary for trafficking of
collagen from the ER, presumably
due to its ability to mediate procol-
lagen folding.
To investigate whether the

increased ER retention of collagen
in CRT-deficient cells might be the
result of indirect effects secondary
to deficiencies in known collagen
chaperones, we examined levels of
prolyl 4-hydroxylase and HSP47 in
CRT�/� and wild typeMEFs. Prolyl
4-hydroxylase is an ER lumen
enzyme that hydroxylates proline
on the procollagen peptide and
serves as a chaperone for procolla-
gen (54). HSP47 is an ER lumen col-
lagen chaperone that binds the
folded triple helical form of procol-
lagen (55). Others have shown that
HSP47 expression parallels collagen
synthesis, and it has been speculated
to be involved in the development of
fibrosis (54, 56, 57). Analysis of
HSP47 and prolyl 4-hydroxylase
protein levels in cell lysates of wild
type and CRT�/� MEFs showed no
differences in expression (Fig. 9),
suggesting that the retention of col-
lagen within the ER in the CRT-de-
ficient cells is not due to a general
reduction in collagen chaperone
levels, but it appears to be an effect
of CRT deficiency.
Role of Fibronectin in CRT-

dependent Regulation of Collagen
ECMDeposition—It is known that a
fibronectin matrix is necessary for
collagen incorporation into the
ECM and that fibronectin expres-
sion and matrix incorporation are
deficient in CRT �/� MEFs (9, 14,
58, 59). To determine whether the
reduced collagen ECM deposition
in CRT-deficient cells is due to the

lack of a fibronectin matrix, we provided fibronectin to both
wild type and CRT�/� MEFs cells. Provision of a fibronectin
matrix compensated for the lack of CRT and stimulated colla-
gen incorporation into the detergent-insoluble ECM (Fig. 10A).
Wild type cells also had increased collagen incorporation into
the ECM in the presence of fibronectin (Fig. 10A). The ability of
fibronectin to increase collagen ECM deposition by CRT�/�

MEFs is not due to enhanced transcription of type I collagen,
because quantitative real time PCR analysis showed no increase
in Col1A2 transcript after 12 h of fibronectin treatment (Fig.
10B). As would be expected, the increased intracellular reten-

FIGURE 7. Type I collagen is retained in the ER in CRT�/� MEFs. CRT�/� MEFs were cultured on treated
coverslips for 36 h in 10% FBS and then for 48 h in 0.5% FBS with (g–l) or without (a–f) daily treatments of 20 �M

ascorbic acid. a– c and g–i, ER was detected with rabbit anti-calnexin antibody (a and g, red channel), and type
I collagen was detected with goat anti-type I collagen antibody (b and h, green channel). d–f and j–l, Golgi was
detected by a mouse anti-GM130 antibody (d and j, red channel), and type I collagen was detected with rabbit
anti-type I collagen antibody (e and k, green channel). Merged images showing co-localization are c, f, i, and l.
Intensity ranges were the same for each image. Original magnification was �63. Scale bar, 25 �m.
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tion of collagen in CRT�/� MEFs was not rescued by providing
a fibronectinmatrix. These data show that the ability of CRT to
regulate fibronectinmatrix deposition has secondary effects on
collagen matrix deposition.
Ascorbic Acid Stimulates Collagen Trafficking and Deposi-

tion in CRT-deficient Cells—Ascorbic acid increases collagen
transcript stabilization and is a cofactor for proline hydroxyla-
tion of procollagen, which enhances translation efficiency and
secretion (36, 47–49). Because CRT�/� MEFs have apparent
defects in post-translational processing of type I collagen, we
investigated whether ascorbic acid can rescue these defects in
theCRT�/�MEFs. Treatmentwith ascorbic acid increased sol-
uble fibrillar collagens in the conditioned media of both wild

type and CRT-deficient cells, although the difference in total
soluble collagen between the wild type and knock-out cells was
still significant (Fig. 5A). Ascorbic acid also increased type I
collagen fibril formation (Fig. 4,C andD). Importantly, ascorbic
acid treatment reduced intracellular retention of type I collagen
in CRT�/� MEFs (Fig. 4D) with reduced collagen localization
to the ER (Fig. 7, g–i), suggesting that ascorbic acid can com-
pensate for secretion/trafficking defects due to the absence of
CRT. In contrast, ascorbic acid did not rescue the reduced
COL1A2 transcription in CRT-deficient cells (Fig. 11).

DISCUSSION

Previous studies showing CRT stimulation of wound healing
and its expression in fibrotic tissues suggested that CRT might
be involved in the regulation of collagen (6, 7). However, direct
evidence for collagen regulation by CRT and elucidation of
potential mechanisms by which CRT might regulate collagens
have not been previously defined. This study demonstrates that
intracellularCRThas a role in regulating formation of the fibril-
lar collagen matrix through stimulation of transcription, traf-
ficking, and procollagen processing. Levels of type I collagen
transcript and protein varied depending on CRT expression by
fibroblasts, indicating regulation at the level of transcription.
Collagen expression is regulated by intracellular CRT, rather
than by cell surface binding of CRT. CRT regulates collagen in
part through regulation of intracellular calcium levels, because
thapsigargin treatment decreases type I collagen protein.
Importantly, these studies have also identified a role for intra-
cellular CRT in regulation of collagen trafficking through the
ER, as CRT�/� MEFs have increased type I collagen retention
in the ER and decreased transit to the Golgi. Furthermore, the
detection of collagen-CRT complexes within the cell supports
the idea that CRT is important for chaperoning collagen
through the secretory pathway. We have also identified a pre-
viously unappreciated consequence of the deficit in fibronectin
matrix production by CRT-deficient cells, the inability to orga-
nize a collagen matrix. Together, these data provide a mecha-
nistic basis for the role of CRT in wound healing and fibrogen-
esis, processes that involve collagen matrix production. This
work is the first to show that intracellular CRT regulates mul-
tiple steps in type I collagen processing, including expression,
trafficking, and deposition into the ECM.
CRT previously has been shown to regulate gene expression.

CRT binds to the DNA-binding domains of the glucocorticoid,
androgen, and retinoic acid recep-
tors (38, 60). CRT binding to these
receptors inhibits them from inter-
acting with their DNA-response
elements, thereby inhibiting gene
transcription. CRT also affects gene
transcription through Ca2� regula-
tion. CRT has a large storage capac-
ity for Ca2� within the ER and that
storage is diminished in CRT�/�

MEFs (37, 50). Papp et al. (14)
showed that wild type MEFs have
increased fibronectin mRNA levels
and protein expression as compared
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FIGURE 8. Type I collagen and CRT are complexed within the cell. A, wild
type and B–D, CRT�/� MEFs � HA-CRT MEFS were grown to confluence. Cells
were lysed in 1% Nonidet P-40, 150 mM NaCl, 50 mM Tris, pH 8, with protease
inhibitor, passed through a syringe, and precleared with GammaBindTM

G-SepharoseTM beads. Rabbit anti-mouse type I collagen antibody (A and B),
mouse anti-CRT antibody (C), mouse anti-HA antibody (D), or controls rabbit
nonimmune IgG or mouse nonimmune IgG (A–D) were preincubated with
GammaBindTM G-SepharoseTM beads and then incubated with equal
amounts of precleared lysates. Beads were eluted with Laemmli buffer with
5% �-mercaptoethanol and proteins separated by SDS-PAGE (8% gels) and
transferred to nitrocellulose membranes. Membranes were immunoblotted
(IB) with mouse anti-CRT (A), mouse anti-HA (B), or rabbit anti-type I collagen
(C and D) antibodies. Blots were stripped and reprobed with anti-type I colla-
gen (A and B) or anti-HA (C and D) to detect protein input. pro is type I procol-
lagen; IP, immunoprecipitation.

FIGURE 9. Absence of CRT does not alter collagen chaperone HSP47 or prolyl 4-hydroxylase expression.
Wild type and CRT�/� MEFs were grown to confluence. Cells were harvested in reducing Laemmli sample
buffer. Equal volumes of lysates were separated by 10% SDS-PAGE, transferred to nitrocellulose, and immuno-
blotted with rabbit anti-CRT polyclonal antibody, mouse anti-HSP47 monoclonal antibody, and goat anti-
prolyl 4-hydroxylase antibody. Membranes were stripped and reprobed with rabbit anti-�-tubulin.
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with CRT�/� MEFs. When ER Ca2� levels were decreased,
total fibronectin expression was decreased. Conversely,
fibronectin expression was increased when there was an
increase inCa2� levels (14). Consistentwith these observations,

our studies suggest that CRT is reg-
ulating collagen transcription
through regulation of ER Ca2�

stores. Our data show that depleting
ER Ca2� stores with thapsigargin
decreased total collagen protein
expression. This observation is con-
sistentwithotherevidenceforCa2�-
dependent regulation of type I col-
lagen. Studies show that depletion
of ER Ca2� stores can decrease type
I collagen synthesis (51). Sugiura et
al. (61) showed that treatment of
mesangial cells with Ca2� channel
blockers decreases collagen produc-
tion and transcript levels of type I
collagen and fibronectin. Treat-
ment with Ca2� channel blockers
also decreases the ability of the tran-
scription factor, AP1, to bind to
DNA (61). There is an AP1-binding
site in the Col1A2 promoter (62),
suggesting a possible mechanism
for Ca2� regulation of collagen.
We considered the possibility

that increased intracellular reten-
tion of collagen could negatively
feedback on transcript levels in
CRT-deficient cells. It has been
shown that the rate-limiting step of
ascorbic acid action is secretion of
collagen and not its effect on tran-
script levels (48). Inour studies, ascor-
bic acid did not affect type I collagen

gene transcription in the CRT�/� MEFs, although it did increase
protein secretion. Therefore, it is unlikely that the reduced tran-
script levels in CRT-deficient cells are due to negative feedback by
increased intracellular collagen levels.
Interestingly, ascorbic acid increased procollagen processing

in both the DOC-soluble and -insoluble fractions of CRT�/�

cells. This was unexpected, as procollagen processing typically
is thought to occur extracellularly. Although the mechanism of
the effects of ascorbic acid on procollagen processing in the
CRT�/� cells is not clear, one can speculate that ascorbic acid
might indirectly affect factors involved in procollagen folding.
Alternatively, ascorbic acid might regulate other procollagen
processing factors, such as procollagen C-proteinase enhancer,
that could potentially be altered in CRT�/� cells (63).
The observation that CRT-deficient cells have increased

intracellular collagen retained in the ER, despite reduced tran-
scription, suggests that CRT is important for ER quality control
and intracellular trafficking of type I collagen. In contrast, Papp
et al. (14) did not see an increase in cellular fibronectin in CRT-
deficient cells as comparedwith the wild typeMEFs, suggesting
that fibronectin and collagen trafficking are differentially regu-
lated by CRT. In other cases, CRT expression is actually asso-
ciated with decreased expression of certain proteins such as the
cystic fibrosis transmembrane conductance regulator (64).

FIGURE 10. Reduced type I collagen ECM deposition in the CRT�/� MEFs is rescued by fibronectin. A and
B, wild type and CRT�/� MEFs were cultured for 48 h in DMEM with 10% FBS and then for 72 h in DMEM with
0.5% FBS. � fibronectin treatments were cultured on a 10 �g/ml fibronectin substrate and treated daily in the
last 72 h with 10 �g/ml soluble fibronectin. A, cells were extracted by deoxycholate to separate the cell fraction
(DOC-soluble) from the ECM fraction (DOC-insoluble). The entire ECM fraction and 1/10th of the cell fraction
were separated by SDS-PAGE and immunoblotted for type I collagen. Blots were stripped and reprobed with an
antibody to total ERK. A representative blot for collagen is shown (n � 3 separate experiments). B, RNA was
harvested after 12 h of treatment. Transcript levels of Col1A2 in wild type and CRT�/� MEFs were examined by
quantitative real time PCR. Values represent the average expression levels normalized to S9 expression � S.D.,
and values for wild type cells were set to 1. NS, not significant (n � 3, each performed in triplicate).

FIGURE 11. Ascorbic acid has no effect on type I collagen gene transcrip-
tion in wild type or CRT�/� MEFs. Cells were cultured for 48 h in 10% FBS
and then treated with or without 20 �M ascorbic acid in 0.5% FBS. RNA was
harvested after 12 h. Transcript levels of Col1A2 in wild type and CRT�/� MEFs
were examined by quantitative real time PCR. Values represent the average
expression levels normalized to S9 expression � S.D., and values for wild type
cells were set to 1. NS, not significant (n � 4, each performed in triplicate).
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Based on our observations that CRT and procollagen can be
co-immunoprecipitated from cell lysates, we suggest that CRT
might act to facilitate procollagen transport from the ER to the
Golgi by mediating correct folding of the protein. It should be
noted that the ER retention of collagen observed in CRT�/�

cells occurs despite the presence of normal levels of collagen
chaperones HSP47 and prolyl 4-hydroxylase. Our findings are
consistent with those of Knee et al. (52) who reported that pro-
teins have increased retention times in the ER-enriched micro-
somal fractions in the absence of CRT, despite normal or ele-
vated levels of other chaperones such as calnexin.
CRTmight also be facilitating collagen trafficking through its

effects on Ca2� within the ER (37, 50). Studies suggest that high
ER Ca2� levels are important for the proper folding of collagen
(51). Furthermore, the interaction between CRT and collagen
might be Ca2�-dependent; the conformation of CRT is Ca2�-
sensitive, and this has been shown to affect CRT binding to
other chaperones and proteins in the ER (65, 66).
Interestingly, HSP47 expression has been shown to correlate

with fibrosis and is used as a surrogate marker for collagen
expression (56, 57). In our studies, HSP47 levels did not differ
between cell types, although there were differences in collagen
protein expression, suggesting that HSP47 might not be a reli-
able indicator of relative collagen expression.
Nanney et al. (6) showed that exogenous treatment of CRT

increased collagen fibers throughout the wound in a porcine
wound healing model. They attributed this change to extracel-
lular CRT stimulation of fibroblast and keratinocyte chemo-
taxis and proliferation and possibly due to increased transform-
ing growth factor-�3 production. In contrast, we observed no
stimulation of collagen by either wild type or CRT�/� MEFs
when treated with purified CRT protein. This could reflect the
fact that our in vitro data were normalized for cell number and
do not reflect increases in collagen due to an increased influx of
cells as in the wounds. Furthermore, there could be factors in
the wound environment that promote CRT binding to cells,
internalization, and/or signaling, whichmight not be present in
our in vitro systems.
CRT expression is elevated in various animalmodels of fibro-

sis (7), consistent with our findings that CRT regulates fibrillar
collagen. CRT levels are increased during cellular stresses,
including oxidative stress and hypoxia (25–28). Oxidative
stress is known to be involved in fibrogenesis in a number of
disease processes, including liver, lung, and kidney fibrosis (67–
71). Hypoxia also increases collagen production and deposition
in some systems (72). These findings suggest that CRTmight be
an importantmediator of ECMproduction and remodeling due
to cellular stress, thereby contributing to fibrogenesis. Further-
more, preliminary studies show that the CRT�/� MEFs do not
increase soluble type I collagen expression or type I collagen
matrix deposition in response to the major pro-fibrogenic
growth factor, transforminggrowth factor-�, despitephosphor-
ylation of Smad3 (data not shown), suggesting that CRT might
be an important, heretofore unidentified, downstream media-
tor of the fibrogenic effects of transforming growth factor-�
(73, 74). Further investigation of the possible role of CRT in
regulating cellular responses to transforming growth factor-� is
warranted.

In summary, these data provide novel insights into how
intracellular CRT is potentially involved in extracellular matrix
remodeling and fibrogenic processes through its regulation of
multiple stages of fibrillar collagen expression, trafficking, and
processing into the extracellularmatrix. In addition, we provide
the first evidence that intracellular CRT complexes with type I
procollagen, and our data suggest that these interactions are
important for collagen trafficking from the ER. Together, these
studies highlight the importance of CRT as a regulatory factor
in extracellular matrix production and assembly in the fibro-
genic process.
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