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Proteins destined for secretion, or for incorporation
into membranes, enter the endoplasmic reticulum (ER)
co-translationally, where they fold and assemble into
their active conformations. The ER contains several
ER-resident proteins that are termed "molecular chap-
erones" or "folding enzymes". Molecular chaperones,
such as HSP70 and GroEL, are involved in the process-
ing and maturation of secretory and membrane pro-
teins; they are thought to associate with folding inter-
mediates or misfolded proteins to prevent nonproduc-
tive side reactions such as irreversible aggregation, and
they may accelerate the slower steps in the folding proc-
ess (1, 2).

Within the ER are enzymes that form disulfide
bonds, such as protein disulfide isomerase (PDI) and
peptidylprolyl isomerase (PPIase), and chaperone pro-
teins, including the glucose-regulated proteins GRP94,
GRP78/BiP (immunoglobulin heavy chain-binding pro-
tein), calnexin (an ER-membraneglycoprotein) and cal-
reticulin (an ER luminal protein) (3, 4). Of these pro-
teins, the folding enzymes, PDI and PPIase, are in-
volved in the disulfide bond formation in the nascent
polypeptides in the ER. The sequential formation of di-
sulfide bonds is required for normal folding and for sub-
sequent transport to the Golgi apparatus and beyond.
Certain chaperone proteins such as GRP78 and GRP94
are thought to facilitate translocation into the ER and
then to assist in folding, oligomeric assembly and sort-
ing in the ER. These soluble ER-resident proteins have
the sequence Lys-Asp-Glu-Leu (KDEL) at their carbox-
yl terminus, which acts as an ER-retention signal (5).
Some ER-resident type I transmembrane proteins such
as calnexin contain an ER-targeting motif consisting of
two lysine residues at the carboxyl terminus (6).
HSP47 is another ER resident protein, first identified
as the major collagen-binding heat-inducible glycopro-
tein in fibroblasts (7). It is characterized by its substrate
specificity for collagen, and plays a major role in colla-
gen processing and quality control under stress condi-
tions, by preventing the secretion of procollagen with
abnormal conformation (8).

Association of HSP47 with Procollagen
HSP47, which has a molecular mass of approximate-
ly 47 kDa, was first identified in chick embryo fibro-
blasts as a collagen-binding glycoprotein whose expres-
sion was down-regulated after malignant transforma-
tion with Rous sarcoma virus (7, 9). After its initial iden-
tification, CDNAcloning revealed that HSP47 belongs
to the serpin (serine protease inhibitor) super family,
which includes al-antitrypsin, a l-antichymotrypsin, an-
tithrombin III and ovalbumin (10). HSP47 has no prote-
ase inhibitor activity. HSP47has a signal sequence at its
amino terminus and an ER-retention signal sequence,
RDEL (Arg-Asp-Glu-Leu) at its carboxyl terminus. A
mutant HSP47 which lacks the RDEL sequence was
shown not to be retained in the ER any more, but to be
secreted out of the cells (ll). As expected from this mo-
lecular nature, HSP47was shown to be localized in the
ER by the observation of the cells by immunostaining
and immuno-electron microscopy (12). The analysis of
carbohydrate indicated that HSP47 was glycosylated at
two gylcosylation sites, and that both of them were high
mannosetype, which also supports the view that HSP47
is an ER-resident glycoprotein (ll, 13). Similar colla-
gen-binding proteins were also reported as colligin and
gp46 in the mouse teratocarcinoma cell-line F9 and rat
L6 myoblasts, respectively, and were later established
to be identical to HSP47 (14, 15).
Pulse label/chase experiments combined with cross-
linking and immunoprecipitation have revealed that
HSP47 transiently binds to newly synthesized procolla-
gen in the ER(ll). Immediately after the a chains of
procollagen enter the ER, HSP47binds to these nascent
a chains. Whenpolysome fractions were isolated and
immunoprecipitated with anti-HSP47 antibody, nas-
cent procollagen chains of various lengths were co-
precipitated with HSP47, which again suggested that
HSP47 binds to nascent polypeptides of procollagen
(16, 17). HSP47 also binds to a triple helix form ofpro-
collagen which was examined by the resistance of immu-
noprecipitated collagen chains against trypsin digestion
(1 1). In vitro binding assay using purified mature colla-
gen also indicated that HSP47 binds to the triple helix
form of mature collagen (18).* To whomcorrespondence should be addressed.
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Dissociation of HSP47from Procollagen
To assess the site where HSP47dissociates from pro-
collagen in the central secretory pathway, we treated the
cells with various inhibitors for secretion, and then ana-
lyzed the dissociation of HSP47 from procollagen by
pulse label/chase experiment. Con focal microscopic
observation after simultaneous staining of the cells
with anti-HSP47 and anti-collagen antibodies was also
used for this approach. a,a'-dipyridyl, an iron-chelating
agent, is known to inhibit the proryl and lysyl hydroxly-
ation of procollagen, resulting in the prevention of tri-
ple helix formation and of secretion of procollagen out
of the cells (19, 20). Brefeldin A is known to release
coat proteins and ADPribosylation factor from the
Golgi stack, and thus inhibits the transport of secretory
proteins from the ER to the Golgi (21). Monensin is an
ionophore for Na+, K+ and protons, and is known to
inhibit intracellular transport within the Golgi complex,
preferentially between the cis- or medial-Golgi and
trans-Golgi compartment (22).

In the normal fibroblasts, newly synthesized procolla-
gen is secreted within 20 min, from which HSP47 disso-
ciates in a little less than 20 min. However, when cells
were treated with a,a'-dipyridyl or brefeldin A, the se-
cretion of procollagen was completely inhibited (ll,
19). The pulse/chase and immunoprecipitation experi-
ments revealed that HSP47bound to newly synthesized
procollagen was not dissociated from it for up to 2 h
(Fig. 1). Immunostaining observation using con focal mi-
croscopy showed that both HSP47 and procollagen co-
localized in the ERand in the intermediate compart-
ment between the ER and the Golgi in the a,a'-dipyri-
dyl-treated and brefeldin A-treated cells, respectively
(Fig. 2) (ll). These results suggested that HSP47 does
not dissociate from procollagen either in the ER or in
the intermediate compartment. When the cells were
treated with monensin, the dissociation of HSP47 from
procollagen occurred within 15 min after pulse labeling,
whereas the secretion of procollagen out of the cells was
totally inihibited (ll). Double staining of HSP47 and
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Fig. 1. Effect of a,a -dipyridyl on the kinetics of total procollagen and procollagen coprecipitated with HSP47. Cells were pulse labeled for 10
min with [35S]methionine and chased in the medium containing excess methionine in the presence (indicated on the top of the panel as a, a ) or
absence (indicated as no) of #,a'-dipyridyl for various periods. Immune complexes precipitated with anti-HSP47 antibody (A) or anti-collagen se-
rum (B) were applied to SDS-8%polyacrylamide gel. The numbers on the top of the each lane show the chase periods in min.
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Fig. 2. Localization of HSP47 and procollagen in cells (chick embryo fibroblasts) treated with ascorbate (upper left panel), a,a'-dipyridyl (up-
per right panel), brefeldin A (lower left panel) and monensin (lower right panel). The cells were fixed, permeabilized, and double stained with the
rat anti-HSP47 monoclonal antibody and the rabbit anti-type I collagen antiserum. Visualization was performed with FITC-conjugated goat
anti-rat IgG for HSP47, and with rhodamine-conjugated goat anti-rabbit IgG for procollagen. Images were obtained with a scanning laser con fo-
cal microscope. The localizations of HSP47and procollagen were shownby green and red color, respectively, and the colocalization of both pro-
teins was by yellow color.

procollagen with specific antibodies also supported the
above result: Golgi area was stained with anti-collagen
antibody whereas the ER-staining pattern was observed
with anti-HSP47 antibody (Fig. 2). These results sug-
gested that HSP47 dissociated from the procollagen
when it entered the Golgi compartment. Thus, HSP47
binds to the procollagen immediately after it enters the
ERand dissociates from it in the cis-Golgi network (8,
ll).

HSP47 as a Molecular Chaperone
As is well known, procollagen a chains begin to form
a trimer at the C-propeptide domain via the formation
of disulfide bonds between each C-propeptide chain in
the ER. Once a chains maketrimers at the C-terminus,
the triple helix formation proceeds from the C-propep-
tide toward N-propeptide. This implies that nascent
polypeptide a chains should be maintained unfolded un-

til they make trimers, otherwise triple helix formation
would be prevented. HSP47 may prevent nascent a
chains of procollagen from being folded or from mak-
ing random aggregations in the ER. These possible func-
tions of HSP47may be attributed to those of molecular
chaperones.
Whencells were heat shocked or treated with a,a-
dipyridyl, HSP47 did not dissociate from procollagen
during the chase period up to 2h whereas the disso-
ciation occurred within 15 min in non-treated control
cells (ll, 19). These results suggest that the function of
HSP47under stress conditions maybe similar to a quali-
ty control mechanism like BiP/GRP78 (8).

Correlational Expression of HSP47 with Collagen
Genes
As mentioned above, HSP47 is thought to be a molec-
ular chaperone which is specific to collagen. In addition
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Table I. Correlation of Hsp47 synthesis to collagen synthesis.
Cell/tissue type

Cell line/type
Hsp47

Collagen (type)
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a Treated with retinoic acid.
b Treated with retinoic acid and dibutyryl CAMP.

to this functional relevance with collagen, the expres-
sion of HSP47in various cells is closely correlated with
that of collagen. The synthesis of type I collagen is at a
high level in chick embryo fibroblasts as reported previ-
ously. In these fibroblasts, the level of HSP47 synthesis
is also high. Whenthe cells were transformed with Rous
sarcoma virus, the synthesis of both type I collagen and
HSP47 were much decreased (7). Simultaneous reduc-
tion in the synthesis of these two proteins were similarly
observed after malignant transformation of mouse fi-
broblastic cells with Simian virus 40 or activated c-Ha-
ras oncogene (Table I) (23, 24).

Interestingly, HSP47 is actively synthesized in the
cells producing high amounts of any type of collagen
while it is hardly detected in the cells which do not
synthesize detectable level of collagens. For example,
HSP47 synthesis was not detected at all in mouse mye-
loid leukemic cell line, Ml, or mouse pheochromocyto-
macell line, PC12, where collagen synthesis was not
detected either (8, 24). In mouse teratocarcinoma cell
line, F9, neither HSP47 or types I to IV collagen was de-
tected in an undiflferentiated condition. However, the
synthesis of both HSP47 and type IV collagen were
markedly increased after the differentiation of F9 cells
by the treatment with retinoic acid or retinoic acid plus
dibutylyc cyclic AMP(Table I) (14, 25). Thus, the ex-
pression of HSP47 is likely co-regulated with that of col-
lagens,

Induction of HSP47 during the Progression of Liver Fi-
brosis
To examine whether such a correlation in the synthe-
sis between HSP47 and collagen is also observed in the
tissues under pathophysiological conditions, we ana-
lyzed the expression of HSP47and collagen in the exper-
imental liver fibrosis model of rats (26). Rats were oral-
ly administered carbon tertrachloride (CTC) for 2 to 12
weeks. The mRNAsboth for types I and III collagens
and for HSP47 were hardly detectable in the liver of
control rats. After two weeks of CTCadministration,
marked accumulation of mRNAs was observed in
Northern blot analysis not only for types I and III colla-
gens but also for HSP47. High levels of mRNAfor
these proteins were maintained up to 12 weeks in the
liver of CTC-administered rats. From in situ hybridiza-
tion analysis with the probes for HSP47and type I colla-
gen and immunostaining with the antibody against des-
min, a marker for Itoh cells in the liver, we concluded
that the HSP47 producing cells in the liver during the
progression of liver fibrosis are the Itoh cells, which has
been known to be the collagen-producing cells in the
liver (26). Coexpression of the genes encoding both
HSP47and collagen is also reported in the development
of murine femurs and molars and various chick tissues
(27, 28).

Conclusion
HSP47 can be thought of as a substrate-specific mo-
lecular chaperone that only interacts with certain procol-
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lagens within the cells. Although HSP47 was reported
to bind fetuin in vitro (29), immunoprecipitation shows
that the major secretory protein co-precipitated with
HSP47 is procollagen in the fibroblasts. A more de-
tailed examination of whether HSP47binds to other se-
cretory or membrane proteins in the ER is still required.
It will also be important to examine whether these sub-
strate-specific molecular chaperones work with other
general chaperones in the ER, such as BiP and calnexin.
HSP47 is reported to associate with BiP, PDI (19) and
cyclophilin B (30), but it is not clear whether this associ-
ation has biological implications for its chaperone func-
tion. Finally, it would be one of the most interesting
questions to determine how the expression of HSP47is
co-regulated with that of collagen. Recently, we have
got the results that the reduction of HSP47synthesis by
the transfection of antisense RNAfor HSP47 into the
mouse fibroblasts causes the inhibition of type I colla-
gen synthesis. This result also suggests the mechanism
of co-regulation of HSP47and collagen, which should
be disclosed in near future.
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