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Abstract

Collagen is the most abundant protein in mammals. A unique feature of
collagen is its triple-helical structure formed by the Gly-Xaa-Yaa repeats.
Three single chains of procollagen make a trimer, and the triple-helical
structure is then folded in the endoplasmic reticulum (ER). This unique
structure is essential for collagen’s functions in vivo, including impart-
ing bone strength, allowing signal transduction, and forming basement
membranes. The triple-helical structure of procollagen is stabilized by post-
translational modifications and intermolecular interactions, but collagen
is labile even at normal body temperature. Heat shock protein 47 (Hsp47)
is a collagen-specific molecular chaperone residing in the ER that plays a
pivotal role in collagen biosynthesis and quality control of procollagen in
the ER. Mutations that affect the triple-helical structure or result in loss
of Hsp47 activity cause the destabilization of procollagen, which is then
degraded by autophagy. In this review, we present the current state of the
field regarding quality control of procollagen.
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1. INTRODUCTION

Collagen is the most abundant protein in mammals, comprising approximately one-third of total
protein (1). The tissues with the highest collagen contents in the mammalian body are tendons
(80% collagen content based on dry, fat-free weight), skin (70%), bones (25%), and the aorta
(20%) (1). The timing of expression of the different types of collagens varies (2); type IV colla-
gen, a component of the basement membrane, is required at 10 to 11 days post coitum (dpc) in
mice (3), but the expression of type I collagen is observed much earlier (4). In general, collagen
is the major component of the extracellular matrix (ECM), where it forms a specialized network
around cells and is essential for cell-cell interactions and cell attachment to the basement mem-
brane. To date, 28 different types of collagen have been identified in mammalian cells, all sharing a
common structural feature (5), namely, a triple-helical domain composed of the three—amino acid
repeat Gly-Xaa-Yaa. Collagens can be categorized based on which of the numerous distinct colla-
gen superstructures with diverse biological activities they form, including fibril-forming collagens
(I, I1, II1, V, XT, XXTV, and XXVII), fibril-associated collagens with interrupted triple helices (IX,
XTI, XTIV, XVI, XIX, XX, XXI, and XXII), network-forming collagens (IV, VIII, and X), beaded
filament—forming collagens (VI), anchoring fibril-forming collagens (VII), membrane collagens
(XTI, XVII, XXIII, and XXV), and multiplexins (XV and XVIII).

Type I collagen is a typical fibril-forming collagen consisting of two al chains and one a2
chain, which are cotranslationally inserted into the endoplasmic reticulum (ER). Proline at the
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Figure 1

Procollagen folding in the cell. Nascent procollagen chains are co-translationally translocated into the ER. Proline residues at the Yaa
position of the Gly-Xaa-Yaa repeat in procollagen are co-translationally and posttranslationally hydroxylated by the PAH-PDI
complex. LH complexes hydroxylate some specific lysine residues. Some hydroxylated lysines are further glycosylated by LH3 and/or
GLTs. Prolyl hydroxylation and lysyl hydroxylation are required for the stability of the triple-helix structure and the crosslinking of
mature collagen outside of the cell, respectively. The C-propeptide domains associate and form a trimer via disulfide bonding. ER
membrane lectin-like molecular chaperone, calnexin, and the ER oxidoreductase PDI are involved in this step. The triple helical
conformation is formed from the C terminus to the N terminus. The collagen-specific molecular chaperone Hsp47 interacts with the
triple-helical procollagen and prevents local procollagen unfolding and aggregate formation. Procollagen with bound Hsp47 is
recognized by TANGOI, an ER exit site organizer for mega-carrier trafficking to the ¢/s-Golgi apparatus, where Hsp47 dissociates and
returns to the ER by binding with the KDEL(REDL) receptor. Procollagen is secreted out of the cell via the Golgi apparatus. N and C
propeptidases cleave the N and C propeptides, respectively. Mature collagen then assembles into fibers via crosslinking. Abbreviations:
CRTAP, cartilage-associated protein; CypB, cyclophilin B; ECM, extracellular matrix; ER, endoplasmic reticulum; GLT,
glycosyltransferase; Hsp47, heat shock protein 47; LH, lysyl hydroxylase; P3H, prolyl 3-hydroxylase; P4H, prolyl 4-hydroxylase; PDI,
protein disulfide isomerase; Sc65, synaptonemal complex 65; TANGOL, transport and Golgi organization 1. Figure adapted with
permission from Reference 7.

Yaa position is hydroxylated by prolyl 4-hydroxylase (P4H). Once two al chains and one a2 chain
assemble and form interchain disulfide bonds between their C propeptide regions, then triple-
helix formation proceeds from the C terminus to the N terminus in a zipper-like fashion (6). A
correctly folded procollagen is transported from the ER to the cell surface via the Golgi apparatus
(Figure 1). When the procollagen molecule reaches the outer surface of the cell, its N and C
propeptides are cleaved off by N and C propeptidases, respectively; this is followed by crosslinking
and the formation of collagen bundles in a staggered manner in the ECM.

The defining feature of collagen is its molecular structure, i.e., the unique supercoiled triple
helix in which three parallel polypeptide strands coil around each other in a left-handed, polypro-
line I1-type helical conformation with a one-residue stagger, forming a right-handed triple helix
(Figure 2a). The correctly folded triple-helical structure is essential for the functions of colla-
gen in the ECM, including cell-cell interactions and signaling from the external environment
(8). Because the triple-helical structure is sensitive to heat, type I collagen is thermally unstable
even at body temperature (9). Disruption of the triple-helical structure leads to collagen-related
diseases, including osteogenesis imperfecta (OI) (10) and Ehlers-Danlos syndrome (11). In this
review, we focus on procollagen folding in the cell and the maintenance of procollagen quality
control. Once the quality-control mechanism is overwhelmed, various collagen-related diseases
develop in various tissues, and these are also summarized in this review.
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Figure 2

Formation of the triple-helical structure of collagen. (#) The collagen peptide consisting of multiple Gly-Xaa-Yaa repeats is folded into
a triple-helical structure below its melting temperature and is unfolded at high temperatures (Protein Data Bank identifier: 1Q7D).
The triple-helical structure is stabilized by hydrogen bonds between a glycine N-H and the backbone carbonyl (O=C) at the Xaa
position in an adjacent chain. Proline at the Yaa position is hydroxylated, which changes the orientation of the proline ring. (5) In cells,
monomers of procollagen form trimers via the C-propeptide region before triple-helix formation. The triple helix is formed from the C
terminus to the N terminus in a zipper-like manner. (¢) Proline cis and #7ans forms. The proline ring has both C¥-endo and CY-exo
pucker orientations. Proline and hydroxyproline favor the C¥-endo and CY-exo pucker forms, respectively. (d) The collagen triple helix
is thermally stabilized by hydrogen bonds, proline hydroxylation, the amino acids at the Xaa and Yaa positions, chain length, the
combination of a-chains, and a combination of all of these factors. The above factors raise the melting temperature of the collagen
peptide. In vivo, chaperone binding is also critical for collagen stability.

2. COLLAGEN AS A TRIPLE-HELICAL STRUCTURE

Numerous studies of the Gly-Xaa-Yaa-repeat collagen peptide have revealed stabilizing factors
for the triple-helical structure. The triple helix has a characteristic circular dichroism spectrum,
with a maximum near 225 nm and a minimum near 198 nm, which reflects the conformation of
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polyproline II, three strands of which are supercoiled around a common axis (Figure 24) (12).
Thermal stability can be measured by observing this typical circular dichroism spectrum and
tracking the average residual ellipticity at 225 nm with increasing temperature. The melting
temperature is the best indicator of the stability of the triple-helical structure composed of
Gly-Xaa-Yaa-repeat peptides (13).

2.1. Interstrand Hydrogen Bonds with Glycine in Gly-Xaa-Yaa Repeats

An amide-amide hydrogen bond forms between a glycine N-H and the backbone carbonyl (O=C)
of the amino acid in the Xaa position of an adjacent chain (Figure 24). The glycine residues are
buried within the central core of the triple helix and are solvent inaccessible, while the residues
in the Xaa or Yaa position are highly exposed to the solvent because of their proximity to the
neighboring chain (14). The importance of glycine for triple-helix stability is supported by the
observation that glycine substitution in type I collagen destabilizes the triple-helical structure (9),
resulting in OI (15).

2.2. Stereoelectronic Effects of Proline Hydroxylation on Yaa

The amino acids in the Xaa and Yaa positions of collagen are often proline (28.1%) and hydroxy-
proline (Hyp; 38.1%), respectively (16). The most common triplet is Gly-Pro-Hyp (10.5%). Al-
most all proline residues in the Yaa position of a procollagen monomer are hydroxylated by P4H.
Proline and hydroxyproline preorganize the individual strands into a polyproline II conformation,
thereby decreasing the entropic cost of collagen folding. Two ring conformations of proline and
its derivatives exist, Cv-endo pucker and Cv-exo pucker (Figure 2¢). The Cv-exo conformation
is strongly favored by stereoelectronic effects when proline is hydroxylated (17). The n—n* in-
teraction occurs when the oxygen of a peptide bond donates electron density from its lone pairs
into the empty n* orbital of a nearby carbonyl group in the neighboring peptide chain (18). Only
when the proline residue is in the Cr-exo ring pucker can an n—7* interaction stabilize the #runs
isomer of the peptide bond. The Cv-exo ring pucker preorganizes the main chain torsion angles
and enhances triple-helix stability (19). Hence, prolyl 4-hydroxylation is essential for the stability
of triple-helical collagen due to its a stereoelectronic effect.

Proline exists in cis and trans conformations. The nascent chain is translated with proline in
the ¢is form and folded with proline in the #rans form (Figure 2¢). Because collagen is proline-
rich, proline cis-trans isomerization is important for the folding of the triple helix. However, the
involvement of peptidyl-prolyl isomerases (PPIases), including FKBP22, FKBP65, and cyclophilin
B (CypB), in proline cis-trans isomerization in the ER is not yet clear, because each PPIase forms
a complex with modification enzymes for procollagens (see Sections 3.2-3.4), making it difficult
to distinguish between its modification effect and its role as a PPIase.

Sequence-dependence of the triple-helix pitch is well established, with imino acid-rich se-
quences forming a helical repeat with seven residues per two turns (7/2) and imino acid—poor
sequences forming a looser helical repeat with ten residues per three turns (10/3) (20, 21). The
local domain of the Gly-Xaa-Yaa repeat and the native collagen type can affect the actual helical
pitch of collagen. Furthermore, the variability in the triple-helical pitch of native collagen can
play a role in interactions between collagenous domains and other biomolecules, including matrix
metalloproteinase (MMP) 1 (22), integrin (23), and fibronectin (24).

2.3. Side-Chain Interactions of the Xaa and Yaa Residues

Although stereoelectronic effects and preorganization by proline hydroxylation play key roles in
triple-helix stability, the amino acids in the Xaa and Yaa positions are not always proline. Based
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on calculations from type I, II, ITI, V, and XI collagens, the preferences of different amino acids
for the Xaa and Yaa positions were reported. Cysteine and tryptophan residues are not found
at either the Xaa or Yaa position (16). Tyrosine residues are also not found at the Yaa position
in these collagens. Residues in the Xaa position are somewhat more exposed than those in the
Yaa position. Side chains of the Xaa and Yaa residues interact with the main chain or with the
side chains, and these interactions contribute to triple-helix stability. Importantly, the presence of
particular amino acids in positions Xaa and Yaa is tightly correlated with the stability of the local
triple-helical conformation (16). Proline (32.9%), glutamine (13 %), and alanine (11.1%) are often
found in the Xaa position, and hydroxyproline (34%), arginine (11.4%), and alanine (10.6%) in
the Yaa position. Salt bridges between arginine and lysine and between aspartate and glutamate
are observed in the crystal structure of collagen peptide (25) and contribute to the stability of the
triple-helix structure.

2.4. Other Factors Affecting the Stability of Collagen Peptides

The stability of the collagen Gly-Xaa-Yaa peptide depends on the chain length. The most sta-
bilizing triplet is Pro-Hyp-Gly, and (Pro-Hyp-Gly)s is the minimum length required for stable
triple-helix formation. For some collagen types, there are homotrimeric (types IL, III, X, XTII, etc.)
and heterotrimeric (types I, IV, V, VI, etc.) forms. Type I collagen is composed of two al chains
and one a2 chain. Type V collagen is composed of al, a2, and a3 chains. Of note, heterotrimers
are more stable than homotrimers, because Coulomb interactions between a negatively charged
and a positively charged chain stabilize the triple helix (26).

In addition to posttranslational modifications, the chain combination, the temperature, and the
presence of collagen-specific molecular chaperones are critical factors for stabilizing the collagen
triple helix in vivo; these factors are described in Sections 3-5 of this review. The triple-helical
conformation of collagen can be evaluated by nuclear magnetic resonance and circular dichroism
in vitro and by protease sensitivity and collagen-hybridizing peptide assays in vivo (27). Native
triple-helical structures are resistant to digestion by trypsin, chymotrypsin, pepsin, and other com-
mon proteases, and these enzymes can be used as a convenient method for examining triple-helix
formation in vivo.

3. POSTTRANSLATIONAL MODIFICATIONS

Procollagen is modified cotranslationally and posttranslationally by enzyme families including
procollagen P4Hs, prolyl 3-hydroxylases (P3Hs), lysyl hydroxylases (LHs), O-glycosyltransferases,
and N-glycosyltransferases. Generally, these modifications can be added only to prefolded single
chains before triple-helix formation (Figure 1). However, when the temperature exceeds body
temperature in vitro, the folded triple-helical procollagen becomes loose and is overmodified in
the ER. Type I collagen has only one N-glycosylation site in the C propeptide region. Recently, cal-
nexin, an ER-resident membrane lectin, was reported to recognize this N-glycan in C propeptide
and be involved in the quality control of procollagen (28), as described in Section 7. Knockout
(KO) or mutation of procollagen-modifying enzymes results in collagen-related phenotypes in
vivo, as summarized in Table 1.

3.1. Prolyl 4-Hydroxylase-Protein Disulfide Isomerase

Procollagen P4Hs play a central role in the biosynthesis of collagen because 4-hydroxyproline
residues are essential for stabilization of the collagen triple-helix structure. P4Hs catalyze the
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formation of 4-hydroxyproline by hydroxylating proline in the Gly-Xaa-Pro motif in single-chain
procollagen. The hydroxylation reaction requires ferrous ion (Fe**), 2-oxoglutarate, molecular
oxygen, and ascorbic acid (vitamin C) (29). P4Hs are localized in the ER lumen and form
tetramers with 2 o subunits and 2 B subunits; the B subunit has an enzyme activity and is also
known as protein disulfide isomerase (PDI) (30). Before triple-helix formation, the P4AH-PDI
complex associates with single-chain procollagen to hydroxylate proline at the Yaa position and
thus prevents interactions between the single chains prior to trimer formation at the C propeptide
end, enabling the formation of a correct, stable triple helix (31). Three P4H isoforms (P4Hal,
P4Ha2, and P4Ha3) have been identified in mammalian cells (32). P4Hal is the major isoform
in most cell types and tissues and accounts for the majority of P4H activity.

Almost all proline residues in the Yaa position of Gly-Xaa-Yaa repeats in procollagen are prolyl
4-hydroxylated (33). 96% and 99% of prolines in the Yaa position are prolyl 4-hydroxylated in
bovine type I and type V collagen, respectively (34). Other modifications at some specific sites have
different roles in procollagen maturation. For example, prolyl 3-hydroxylation of procollagen is
involved in the interaction between mature collagen and collagen-binding proteins after secretion
from the cell (35). Lysyl hydroxylation of procollagen is involved in the crosslinking of mature
collagen, which is mediated by hydroxyl lysine and lysyl oxidases (36).

3.2. The Prolyl 3-Hydroxylase 1-Cartilage-Associated Protein—Cyclophilin
B Complex

P3Hs generate 3-hydroxyproline residues in the Gly-Pro-(4-Hyp) motif at specific sites on procol-
lagen. P3HI forms a complex with cartilage-associated protein (CRTAP) and the PPIase CypB in
a 1:1:1 ratio and hydroxylates Pro986 in type I collagen in the ER (37, 38). Knockdown of CRTAP
or CypB caused a reduction in P3H1 protein levels, suggesting the importance of this complex
formation for P3H1 stability (39). Knockdown of P3H1 did not affect CypB levels; however, in-
teractions between CypB and collagen were reduced (39), indicating that P3H1 is responsible for
binding of the complex to procollagen. The absence of any component of the complex leads to a
reduction in Pro986 hydroxylation and causes OI (38, 40, 41). In mice synthesizing a catalytically
inactive P3H1 variant, the collagen fibrils generated therein are more homogeneous and smaller
in diameter than those from wild type mice (40). The role of hydroxylated Pro986 in collagen
fibrogenesis remains unclear.

P3H2 hydroxylates Pro707 in procollagen type I, as well as many proline residues in procol-
lagen type IV (42). P3H2 KO mice die before 8.5 dpc (35). The lethal phenotype can be rescued
by producing double variants of P3H2 and maternal platelet-specific glycoprotein VI (GPVI).
GPVI binds to the (Gly-Pro-Hyp), repeat and initiates platelet aggregation upon blood exposure
during injury. KO and double-KO experiments suggest that the prolyl 3-hydroxylation of type
IV collagen is required for the prevention of an aberrant interaction with GPVI, which would
otherwise result in platelet aggregation, thrombosis of maternal blood, and embryo death. Hence,
3-hydroxylation of type IV collagen is indispensable for embryonic development in mice (35).

3.3. The Lysyl Hydroxylase 2 Dimer-Heat Shock Protein 47-FK506-Binding
Protein 65 Complex

LH catalyzes the formation of hydroxylysine (Hyl) in -X-Lys-Gly- sequences in a reaction that re-
quires Fe’*, 2-oxoglutarate, molecular oxygen, and ascorbate. In both N- and C-terminal telopep-
tides of fibrillar collagen, -X-Lys-Ala- and -X-Lys-Ser- sequences are also hydroxylated (43, 44).
Following telopeptide lysine hydroxylation by LH2, intermolecular covalent crosslinks between
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collagen telopeptides and helical domains are formed, increasing collagen stability (45). FKBP65,a
65-kDa FK506-binding protein encoded by the Fkbp10 gene, is an ER-resident PPIase that forms
a complex with LH2 (46). FKBPG65 is involved in collagen crosslinking by specifically mediating
the dimerization of LH2, which is required for LH2 activity. By using a proximity-ligation assay,
the interaction between heat shock protein 47 (Hsp47) and FKBP65 was shown to be significantly
reduced in cells expressing an OI-associated variant (M227T) of Hsp47, in which Hsp47 was desta-
bilized and mislocalized (47). In vitro, purified FKBP65 preferentially interacts with Hsp47 rather
than with type I collagen (48). FKBP65, LH2, and Hsp47 could therefore work together during
procollagen maturation to contribute to the molecular stability and posttranslational modification
of type I procollagen.

3.4. The Lysyl Hydroxylase 1-Prolyl 3-Hydroxylase 3-Synaptonemal Complex
65—Cyclophilin B Complex

LH1 hydroxylates procollagen type I at K87 and K930. Synaptonemal complex 65 (Sc65), a nonen-
zymatic member of the Leprecan family, which includes CRTAP, forms a complex with LHI,
P3H3, and CypB (49, 50). In Sc65 KO cells, protein levels of LH1 and P3H3 were decreased,
suggesting that complex formation is required for LH1 and P3H3 stability. The importance of
complex formation for the stability of LH and prolyl hydroxylase appears to be common to en-
zymes modifying procollagen. Loss of Sc65 caused a reduction in lysine hydroxylation at K87
and K930 in procollagen type I and altered crosslinking, resulting in connective tissue defects,
including low bone mass and skin fragility (49, 50).

3.5. Lysyl Hydroxylase 3 Dimer and Glycosyltransferase 25 Domain
Containing 1/2

LHs hydroxylate specific lysine residues on procollagens, and the Hyl residues are further
modified by LH3 (51, 52) and glycosyltransferase 25 domain containing 1 (GLT25D1) or 2
(GLT25D2) (53). LH3 has both LH and glycosyltransferase activity. Galactose can be attached
to the 5-hydroxyl group of Hyl to form galactosyl-Hyl (Gal-Hyl), and glucose can be added to
Gal-Hyl to form glucosylgalactosyl-Hyl (GlcGal-Hyl). Based on the crystal structure of LH3,
the enzyme is a dimer during the hydroxylation reaction (54). Both LH3 and GLT25D1/2
knockdown decrease Gal-Hyl and GlcGal-Hyl levels (55). Recently, VIPAR (vacuolar protein
sorting—associated protein 33B—interacting protein) was found to interact with LH3 and mediate
LH3 trafficking to the post-Golgi apparatus (56). This VIPAR-dependent sorting was essential
for the modification of lysine in multiple collagen types, suggesting that the location where LH3
acts and the significance of post-Golgi trafficking should be further studied.

Hypoxia, i.e., low-oxygen conditions, regulates the posttranslational modification of collagen
and contributes to bone development and the pathogenesis of cancer (57-59). Hypoxia activates
hypoxia-inducible transcription factor (HIF-1a). Because almost all prolyl-hydroxylase, LH, and
lysyl oxidase genes are the targets of HIF-1a, hypoxic conditions, including those in hypoxic chon-
drocytes and some tumor cells, induce the expression of these procollagen-modifying enzymes.
This results in increased collagen crosslinking and the accumulation of collagenous matrix be-
cause of increased collagen resistance to MMPs. This process enhances breast cancer metastasis
(60, 61).

Of the PPIase families present in the ER, gene mutations of CypB, FKBP22, and FKBP65 are
associated with clear collagen-related phenotypes (Table 1). CypB and FKBP65 form a complex
with LHs. Mutation of the FKBP22 (FKBPI14) gene causes Ehlers—Danlos syndrome (62); however,
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the underlying mechanism is unclear. The requirement of PPIase activity for collagen folding has
not yet been demonstrated in vivo.

4. CHAIN ASSEMBLY AND TRIMER FORMATION

The Gly-Xaa-Yaa repeats in the collagen peptide form trimers and triple-helical structures below
the melting temperature in vitro (Figure 24) (63). However, in cells, the Gly-Xaa-Yaa repeats
from different collagen types (e.g., collagen types I and III) do not form heterotypic triple helices.
‘This highlights the importance of C propeptides in triple-helix formation in vivo (Figure 2b).

In the cell, association and trimer formation at the trimerization region (such as the C propep-
tide of collagen types I, II, and III) are required before procollagen triple-helix formation can
occur. Of the 28 types of collagen, 21, including types IL, III, VII, and X, are homotrimeric; how-
ever, the other seven types form heterotrimers, e.g., (a1);(a2) in type I collagen (5). Notably, the
al chain can form a trimer, while the a2 chain cannot. Further, the combination of two a2 chains
and one al chain is not allowed in cells. In general, C propeptides facilitate the formation of a
heterotrimer, and this composition is more thermally stable than a homotrimer.

In some human cancer cell lines, co/122 mRINA levels are reduced because of increased DNA
methylation near the start codon of the co/l22 gene (64). This results in an imbalance between
levels of collal and colla2 and the production of collal homotrimers. Intriguingly, collal ho-
motrimers are resistant to cleavage by MMPs because the enzymes specifically recognize the
(al)2(a2) heterotrimer. This suggests that invasive cancer cells may use homotrimers to build
an MMP-resistant invasion area (65). A C-propeptide mutation in colla2 has also been reported
to cause OI by failing to form heteromeric triple helices with collal (66). Hence, the collal and
colla2 heterotrimer is critical for the turnover and quality of type I collagen through its interac-
tion with collagen-binding proteins in the ECM.

The mechanism of heterotrimer formation was a longstanding enigma in the field. However,
crystal structures of C propeptide were recently determined and provided critical evidence for
understanding the trimerization mechanism (Figure 34) (67, 68). The crystal structures revealed
a circularly symmetrical structure of the collal homotrimer, with each chain binding one calcium
ion near the interaction interface. Further, several salt bridges are formed around the calcium ions
and water molecules (Figure 3b). Collal has eight cysteines, C1-C8, numbered from the N to
the C terminus. C1-C4, C5-C8, and C6-C7 form intrachain disulfide bonds visible in the crystal
structure (Figure 32). However, the C3 cysteine residue forms an interchain disulfide bond with
the C2 cysteine in another chain. Importantly, colla2 lacks the C2 cysteine, with a serine in this

252€ variants can form homotrimers via

position; hence, colla2 cannot form a homotrimer. Colla
disulfide bonds (69). One calcium ion near the C3 cysteine residue plays a critical role in the salt-
bridge network at the interface of two al chains (Figure 3c¢), forming noncovalent bonds with
the two chains. The collal®? variant and wild type colla2 cannot form the disulfide bonds that
mediate homotrimer formation; however, they can form a homotrimer via noncovalent bonding
that depends on calcium ions, as confirmed by sedimentation equilibrium experiments (69).

Chain selectivity is explained by short, discontinuous sequences in each polypeptide chain
called chain-recognition sequences (CRSs) (70). Each chain contains a distinct CRS, which en-
sures a collagen type—specific association. Based on the crystal structure, these CRSs are located
at the interface of two C propeptides (Figure 35). Calcium ions organize the noncovalent bonds,
including the salt bridges, at the interface characterized by the CRSs.

The presence or absence of a single cysteine in the C-propeptide domain in type I collagen is
a key factor governing the ability of a specific collagen polypeptide to form stable homotrimers.
Noncovalent or covalent heterodimers of collal and colla2 and homodimers of collal form
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a C propeptide (colTal); b Interface between two a1 chains

g

Disulfide bond

° Ca2+
Disulfide bond

Figure 3

Trimer formation by the collagen C propeptide. (#) Crystal structure of the C propeptide homotrimer
(collal) (Protein Data Bank identifier: 5K31). Fach chain is shown in a different color, with the bound Ca?*
ions shown as red spheres and the Cl™ ion shown as an orange sphere. Disulfide bonds are shown in yellow.
Cysteine residues are numbered from the N terminus, C1 to C8. C1-C4, C8-C5, and C7-C6 form
intramolecular disulfide bonds. The C2 and C3 cysteines form intermolecular disulfide bonds between
different chains. Colla2 lacks the C2 cysteine. () The interaction interface between two collal chains. A
salt-bridge network (dotted line) mediates the interaction between the two chains. Ca’* ions and water are
critical for salt-bridge formation, affecting the formation of the intermolecular disulfide bond. (¢) Top views
of the collal homotrimer and a heterotrimer formed from two collal and one colla2 chains. Colla2, Ca™,
and the disulfide bonds are shown in gray, red, and yellow, respectively.

during the trimerization process. However, it is not known whether collagen polypeptides are
sufficient for heterotrimer formation alone or whether some ER oxidoreductase or chaperone
aids the trimerization process.

5. THE ENDOPLASMIC RETICULUM-RESIDENT MOLECULAR
CHAPERONE HEAT SHOCK PROTEIN 47 IN COLLAGEN FOLDING

While the Gly-Xaa-Yaa repeats and prolyl hydroxylation are essential for the formation of the
triple-helical structure of collagen (Figure 2d), temperature is another fundamental factor deter-
mining the triple-helical structure. In vivo, normal body temperature is one of the absolute factors
required for normal development from an embryo to an adult (71). As type I collagen is thermally
unstable even at body temperature (9), at least in mammals, correct folding of procollagen requires
the presence of chaperone-like cofactor(s).

5.1. Heat Shock Protein 47 as a Collagen-Specific Molecular Chaperone

Hsp47 is an ER-resident molecular chaperone that is essential for the correct folding of pro-
collagen in vertebrate cells. Hsp47 is encoded by the SerpinHI gene and belongs to the serine
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protease inhibitor (serpin) superfamily, but it does not inhibit the activity of serine proteases (72).
Hsp47 binds the Gly-Xaa-Arg motif of the triple-helical procollagen in the ER via hydrophobic
and hydrophilic interactions and prevents its local unfolding and aggregate formation, effectively
chaperoning the formation of the triple helix (72).

Hsp47 transiently associates with triple-helical procollagen in the ER in a pH-dependent man-
ner, dissociating from procollagen below pH 6.3. It therefore dissociates from procollagen in the
cis-Golgi or ER-Golgi intermediate compartment (ERGIC) at relatively low pHs. After dissoci-
ating from procollagen in the cis-Golgi or ERGIC, Hsp47 returns to the ER by binding to the
KDEL receptor through its ER retention sequence (73).

In vitro, purified recombinant Hsp47 directly binds triple-helical collagen with a high associ-
ation and dissociation rate (74). While many enzymes responsible for posttranslational modifica-
tion of procollagen bind the monomer form of procollagen, Hsp47 barely binds nontriple-helical
procollagen. The crystal structure of the Hsp47-collagen complex revealed that Hsp47 forms a
salt bridge with an arginine residue at the Yaa® position in the Gly-Xaa-Yaa® repeat within the
triple-helical form of collagen, as well as the amino acid in the Yaa™ position in the sequence
Yaa~-Gly-Xaa-Arg (75, 76) (Figure 4b). The residue at the Yaa™ position changes the affinity of
Hsp47 for collagen. When lysine, arginine, glutamine, glutamic acid, or aspartic acid is located at
the Yaa™ position, Hsp47 does not bind collagen (77). The crystal structure of Hsp47 revealed
that collagen in its triple-helical form is bracketed by two Hsp47 molecules that bind to the same
position of the collagen peptide from different angles, suggesting that Hsp47 stabilizes procol-
lagen during formation of its triple helix (78). Hsp47 undergoes no significant conformational
changes upon collagen binding. It is important to note that purified Hsp47 does not affect the
melting temperature of collagen in vitro (79). However, purified Hsp47 prevents collagen fibril
formation driven by the interaction between the collagen molecules (80).

In Hsp47 KO cells, the secretion of procollagen is greatly delayed relative to wild type cells,
resulting in the accumulation of procollagen in the ER. Fibrils of type I collagen produced in
Hsp47 KO cells are abnormally thin and frequently branched, and the N propeptide of secreted
collagen is not processed correctly, even in the ECM (81). These findings suggest that procollagen
is not correctly folded into the triple-helical form in the ER in the absence of Hsp47. When
Hsp47 KO cells are transfected with Hsp47 wild type cDNA, collagen accumulation in the ECM is
recovered; however, an Hsp47 variant Y365A, which lacks the ability to bind procollagen, fails to
recover collagen accumulation, suggesting that the interaction of Hsp47 with collagen is essential
for collagen maturation (82).

Type I collagen has a rod- or needle-like structure with an approximately 300-nm triple-helical
region (83), an approximately 8-nm C-propeptide region (68), and an N-propeptide region of
unknown size (Figure 44). Based on the crystal structure, the Hsp47—collagen complex is formed
by two Hsp47 molecules that attach in a head-to-head fashion to two strands of one triple-helical
collagen molecule (Figure 45). Hsp47 is engaged in hydrophobic interactions with triple-helical
collagen such that a collagen molecule appears to be covered by Hsp47 protein. If the molecular
size of Hsp47 is 3 x 5 nm (76), there are 46 or 47 possible binding sites for Hsp47 on type I
procollagen, as shown in Figure 44. At present, it is not known how many Hsp47 molecules
simultaneously interact with a procollagen molecule in vivo.

The correlated expression of Hsp47 with procollagen and the amount of Hsp47 bound to
procollagen are important for Hsp47 to function properly as a chaperone for collagen during its
synthesis in the cell. Hsp47 KO mice are embryonic lethal beyond 11.5 dpc due to the disrup-
tion of the basement membrane caused by their abnormal synthesis of type IV collagen (84). In
contrast, heterozygous Hsp47 KO mice appear phenotypically normal, implying that half the nor-
mal amount of Hsp47 might be sufficient for the efficient production of collagen. The binding of
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Hsp47 to collagens was visualized by transmission electron microscopy (78). At a low concentra-
tion, Hsp47 appeared to preferentially bind the N-terminal region. At high Hsp47 concentrations,
the most frequently detected number of Hsp47 particles bound to a single procollagen I molecule
was eight. However, the stoichiometry of Hsp47 to procollagen in vivo has not been reported so
far.

Type | collagen (300 x 1.1 nm) B Hsp47 (3x5nm)
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Figure 4 (Figure appears on preceding page)

The collagen chaperone Hsp47 interacts with procollagen. (2) Putative Hsp47-binding sites on procollagen type I. The molecular sizes
determined for procollagen type I (300 x 1.1 nm), Hsp47 (3 x 5 nm), and C propeptide (8 nm) are shown. Hsp47 binds the
Yaa—-Gly-Xaa-Arg sequence in triple-helical collagen. The Yaa™ residue affects the affinity of Hsp47 for collagen. There are 46 or 47
putative Hsp47-binding sites on procollagen type I (blue boxes). (b, left) Crystal structure of the Hsp47-collagen complex (PDB ID:
3ZHA). Two Hsp47 molecules interact with the triple-helical collagen peptide (PPGPPGPTGPRGPPGPP x 3) in a head-to-head
fashion. The arginine residues (sphere model) form a salt bridge with Hsp47. (Right) Rotated view of the structure. () The relationship
between the amount of procollagen and the amount of Hsp47. The collagen and Hsp47 levels are correlated during heat shock and in
fibrotic disease. (d) Structural view of the interaction of integrin a2 with the collagen peptide (PDB ID: 1DZ1). The arginine residues
(sphere model) form a salt bridge with integrin. (¢) Structural view of the interaction of MMP1 with the collagen peptide (PDB ID:
4AUO). Abbreviations: ECM, extracellular matrix; Hsp47, heat shock protein 47; MMP1, matrix metalloproteinase 1; PDB ID, Protein
Data Bank identifier; PM, plasma membrane.

Hsp47 shares its binding site (Gly-Xaa-Arg) with the integrin a2p1 binding site (Gly-Phe-
Hyp-Gly-Glu-Arg) on type I collagen, and the correct triple-helical structure of this site is
essential for integrin signaling (Figure 4d) (23). Hsp47 knockdown affects integrin-mediated
PI3K/AKT/IkB signaling and results in decreased procollagen mRNA levels (85). Hsp47 also
shares its binding site with the collagenase MMP binding site (Gly-Ile-Ala-Gly-Gln-Arg-Gly-
Val-Val-Gly-Leu-Pro-Gly) on type I collagen (Figure 4e) (22). In cells from OI patients with
mutations in the Hsp47 gene, secreted type I collagen is cleaved near the collagenase site in the
triple-helical domain, suggesting that Hsp47 is important for triple-helix stability and the turnover
of collagen by collagenase (86).

Increased Hsp47 expression is associated with collagen-related disorders (87), such as fibrotic
diseases, which are characterized by abnormal accumulation of ECM components, the major com-
ponent of which is collagen (Figure 4c). Following the onset of chronic inflammatory events, fi-
brosis proceeds via the marked induction of type I collagen and Hsp47 in parallel. Knockdown
of Hsp47 using siRNA reduces collagen accumulation and suppresses fibrosis in a mouse model,
showing that Hsp47 is a promising molecular target for the treatment of fibrosis (88, 89). Reg-
ulation of collagen production by Hsp47 in fibrosis shows that there is a lower limit of Hsp47
required for collagen synthesis.

5.2. Regulation of Hsp47 Expression

Basal expression of Hsp47 requires an Sp-1-binding site 280 bp upstream of the transcription
initiation site. Two other domains in the first and second introns regulate tissue-specific expression
(90). These sequences are enhancers that act as binding motifs for Sp2/Sp3 and Kruppel-like
factor (KLF)-6/Zf9 (91). Among the KLF family of proteins, Z{9 activates the expression of type I
collagen and T'GF-B, which are both associated with the progression of hepatic fibrosis. The Sp-
1-binding sites are also important for the expression of type I collagen. These common enhancers
for transcription may be responsible for the coordinated expression of type I collagen and Hsp47
in various pathologies.

Hsp47 can regulate the microenvironment of cancer cells by affecting collagen accumulation in
the ECM. The transcripts of Hsp47 and collagen contain a microRNA29 (miR-29)-binding site.
miR-29 levels are inversely correlated with the expression of Hsp47 in human cancer tissues. Si-
multaneous downregulation of miR-29 and upregulation of Hsp47 have been reported in patients
with pancreatic, gastric, and cervical cancers (92, 93). The miR-29 family plays an important role
in the regulation of ECM genes, including many types of collagen, suggesting that miR-29 signif-
icantly inhibits cancer cell migration and invasion. The introduction of miR-29 or the silencing
of Hsp47 in breast cancer cells suppresses malignant phenotypes by reducing collagen deposition
94).
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Under thermal stress, expression of Hsp47 is transcriptionally induced (95). Many ER-
resident chaperones, including BiP and Grp94, are induced by the accumulation of misfolded
proteins in the ER as part of the unfolded protein response (UPR) (96, 97). Hsp47, how-
ever, is not induced by the UPR and is the only heat shock protein among the mammalian
ER-resident stress proteins (98). Upon heat shock, heat shock factor 1 (HSF-1) binds a heat
shock element located 180 bp upstream from the transcription initiation site of Hsp47 and ac-
tivates Hsp47 transcription (99). Other ER-resident stress proteins, including BiP and Grp94,
do not contain heat shock elements (100). While other molecular chaperones, such as Hsp60,
Hsp70, BiP, and Hsp90, exhibit broad substrate specificity, Hsp47 specifically binds to pro-
collagen as a substrate-specific molecular chaperone (81). Even at normal body temperature
(37°C), HSF-1 partially acts as a transcription factor for heat shock proteins. Knockdown of
HSF-1 results in the reduction of Hsp47 expression by approximately 30% (101). Under ther-
mal stress conditions, global secretion, including that of procollagen, is delayed, resulting in
the accumulation of procollagen molecules in the ER (102). These conditions do not strongly
induce the ER stress response, presumably because heat shock—induced Hsp47 prevents the mis-
folding or aggregate formation of procollagen in the ER. Interestingly, while procollagen accu-
mulates in the ER at 37°C in Hsp47 KO fibroblasts, the accumulation of procollagen was not
observed even in Hsp47 KO fibroblasts when cultured at 33°C (103), suggesting that Hsp47 is not
always necessary for the folding of procollagen at lower temperatures. This suggests that normal
body temperature is not always suitable for the correct folding of procollagen within cells, which
is why procollagen folding in mammals requires Hsp47.

6. TRAFFICKING FROM THE ENDOPLASMIC RETICULUM

Procollagen folded in the ER forms rigid, rod-like structures that are approximately 300 nm in
length (104). These structures are too large to enter conventional COPII-coated vesicles, which
are less than 90 nm in diameter (105). This suggests that specialized factors are required for procol-
lagen secretion from the ER. Transport and Golgi organization 1 (TANGO1) is a cargo receptor
for large proteins, including procollagen and prechylomicron (106). TANGOL1 is a single-pass
transmembrane protein with an ER signal sequence, a Src homology 3 (SH3) domain, a coiled-
coil domain, and a proline-rich domain. In mice, 7angol KO results in the delayed secretion of
various types of collagen (including types I, II, ITI, IV, and VII), leading to delayed chondrocyte
and bone maturation (107).

TANGOL recruits Secl6 and cTAGES5/Sec12 to ER exit sites (ERESs) (108, 109). Sec16 acts
as a gathering site for Sarl and the inner coat protein Sec23/Sec24 to form secretion carriers.
TANGOI1 forms macromolecular complexes with Sec16, cTAGES, and Sec12 at ERESs, and the
complex regulates the Sarl GTPase cycle to accomplish large cargo secretion (110). Accumulation
of Secl2, a guanine-nucleotide exchange factor, at ERESs activates Sarl at the ERES, which is
required for collagen export.

SH3 domains are protein modules mediating protein—protein interactions related to cell
proliferation, migration, and cytoskeletal modifications (111). Inside the ER, the SH3 domain of
TANGOI interacts with Hsp47, indicating that Hsp47 could be a guide molecule that directs
collagen to special vesicles by interacting with TANGOI1 (112). Purified Hsp47 was shown
to directly bind the recombinant SH3 domain of TANGOI in vitro using surface plasmon
resonance. The binding of Hsp47 to type I collagen did not compete with the binding of the SH3
domain to Hsp47, suggesting that Hsp47 binds to the SH3 domain and collagen at distinct sites.
Thus, Hsp47 was assumed to function as an anchor between the SH3 domain of TANGO1 and
collagen and to recruit procollagen to the ERES (113). This finding may answer the important
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question of how TANGOI! recognizes different types of collagen. Additional studies are still
required to reveal the catch-and-release mechanisms of Hsp47, procollagen, and TANGOI at
ERESs because, while TANGO!1 does not enter large COPII vesicles, Hsp47 and procollagen are
packed into these vesicles. It would be intriguing to mechanistically investigate how the molecular
pair of TANGOL1 and Hsp47 is involved in the quality control of procollagen at ERESs, which
is described in the next section.

TANGOL1 organizes ERESs, together with Secl6, cTAGES, and Secl2, at the cytosolic side
of the ER and interacts with Hsp47 and procollagen at the ER luminal side. Stimulated emis-
sion depletion microscopy revealed that TANGOI forms a ring with a diameter of 200 nm (114).
TANGOI1 ring assembly is mediated by TANGO1 self-association and cTAGES interaction. After
assembly, the TANGO1 ring recruits post-ER membranes (from the ERGIC and Golgi) that fuse
at the ERES to create an export route for procollagen (115, 116). TANGO! has also been reported
to make a tubular tunnel between the ER and Golgi apparatus, through which triple-helical pro-
collagen is transported from the ER to the Golgi (116, 117). Approximately 172,000 molecules of
TANGOI and 250-500 ERESs are present in a cell, i.e., 350-700 TANGO1 molecules per ERES
(117, 118). Based on the fluorescent signal of GFP-procollagen in live-cell imaging experiments,
at least ten procollagen molecules gather at a single ERES for export from the ER (119).

Recently, procollagen secretion has been shown to be regulated by the circadian rhythm
(120). Interestingly, in addition to the circadian changes in mRINA expression of procollagen and
TANGOI1 that occur in parallel, the amount of TANGO1 protein also oscillates with the circa-
dian rhythm. Given the half-lives of ER-resident proteins, unidentified degradation mechanisms
may regulate the circadian changes in TANGO1 protein levels. TANGOI protein expression is
important for this process, as it is the rate-determining step of procollagen secretion in vivo.

7. QUALITY CONTROL OF PROCOLLAGEN AND
COLLAGEN-FOLDING DISEASES

A portion of newly synthesized procollagen molecules in the ER is degraded in the cell before
its secretion (121); approximately 10-30% of procollagen is degraded, depending on the cell type
and the cellular conditions (122). It has not been clearly or quantitatively shown whether this
degradation is due to misfolding or misassembling. Degradation of procollagen has been suggested
to occur in the lysosome, an intracellular degradation organelle (123). A portion of the cytoplasm
or an organelle is sequestered by an isolation membrane, which results in the formation of an
autophagosome. A mature autophagosome is then fused with a lysosome for degradation (124).
The ER is also a target of degradation via autophagy, known as ER-phagy. A portion of procollagen
molecules retained in the ER is degraded by ER-phagy (125).

Cells use two strategies to prevent the adverse effects of misfolded protein accumulation:
the ubiquitin—proteasome system and the autophagy-lysosome system (126). Proteins that are
misfolded or aberrantly folded in the ER are degraded via the ER-associated degradation
(ERAD) pathway or ER-phagy (127). ERAD recognizes terminally misfolded proteins and retro-
translocates them into the cytosol through the dislocon channel for proteasome degradation. Not
all aberrant proteins in the ER are degraded by ERAD. ER-phagy can degrade the ER itself, as
well as misfolded proteins that accumulate in the ER, e.g., aggregated al-antitrypsin Z variant
(ATZ) (128, 129), a dysferlin variant (130), misfolded procollagen (125), and misfolded forms of
the membrane protein GnRHR (131).

Mice lacking autophagy-related gene 7 in chondrocytes accumulate type II procollagen in the
ER and exhibit defective formation of the type II collagen fibrillar network in the ECM. This
suggests that autophagy plays a fundamental role as a developmentally regulated process for bone
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growth in chondrocytes (132). A fraction of type II procollagen is colocalized with the autophagic
marker LC3, suggesting that type II procollagen is a substrate of autophagy in chondrocytes.
Intriguingly, the collagen chaperone Hsp47 is excluded from autophagic vesicles containing pro-
collagen. While many enzymes responsible for the posttranslational modification of procollagen
bind the monomeric form of procollagen, Hsp47 binds procollagen only weakly in a nontriple-
helical form. Hence, the above observation suggests that incorrectly folded procollagen molecules
are sequestered away from the procollagen synthesis pathway in the ER. Fibroblast growth factor
18 (FGF18) induces autophagy in chondrocytes. In Fgf §+/~ mice, the protein levels of PDI (an
ER marker) and GOLPH3 (a Golgi marker) are not affected. However, type II procollagen ac-
cumulation in the ER is higher than that in wild type (Fgf18*/") mice, implying that incorrectly
folded procollagen, but not all ER luminal proteins, is specifically degraded by autophagy.

Fibrotic diseases, including liver, heart, kidney, and idiopathic pulmonary fibrosis, are char-
acterized by an abnormal accumulation of ECM components, the main component of which is
collagen (133). During fibrosis progression, TGF- induces the expression of type I collagen,
Hsp47, and fibronectin (87). Chloroquine is an inhibitor of lysosomal function and is also used to
inhibit autophagy in the treatment of cancer (134). Intracellular accumulation of procollagen is
observed in the autophagosome in the presence of chloroquine. In a mouse model of bleomycin-
induced lung fibrosis, metformin therapeutically alleviated fibrosis by activating autophagy in an
AMPK-dependent manner (135), suggesting that autophagy regulates the turnover of procolla-
gen. However, it is not known whether unfolded procollagen is selectively degraded or whether
correctly folded procollagen is also degraded during ER turnover in fibrotic diseases caused by
collagen overproduction.

Although the autophagy induced by nutrient starvation serves as the bulk degradation system
for cytosolic proteins, cells can also selectively degrade autophagic substrates, including the ER
and mitochondria, to maintain organelle quality (136-138). During such selective autophagy, au-
tophagy receptors play an essential role in the recognition of the autophagic target. To date, six
ER-phagy receptors have been identified in mammals: FAM134B (138), RTN3 (139), CCPG1
(140), Sec62 (141), ATL3 (142), and TEX264 (143, 144), all of which are ER membrane proteins
localized in their specific subdomains, tubular ER or sheet ER. These receptors have an LC3 inter-
acting region motif, are anchored at the growing isolation membranes, and help their sequestra-
tion into the autophagosome (145). FAM134B forms a complex with calnexin, an ER membrane
lectin, and is involved in the degradation of procollagen in the ER (28). Knockdown of FAM134B
or calnexin significantly decreases the numbers of type I procollagen—positive lysosomes, while
knockdown of RTN3 or CCPG1 has a modest effect. The interaction between FAM134B, calnexin,
and procollagen observed in the presence of bafilomycin Al, an inhibitor of autophagy flux, is re-
duced after treatment with castanospermine, which inhibits the interaction of procollagen with
calnexin by inhibiting the N-glycan trimming of the C propeptide. Since procollagen is the most
abundantly accumulated protein in mouse embryonic fibroblasts while autophagy is suppressed,
procollagen is the main substrate of ER-phagic degradation mediated by the calnexin-FAM134B
complex.

Although procollagen with bound Hsp47 is caught by TANGO1, and TANGO1 organizes a
complex with cTAGES, Secl2, Secl6, Sec23, and Sec24 at ERESs, FAM134B was recently re-
ported to interact with Sec24C, a member of the COPII complex, at ER-phagy sites (146). In
yeast, Lstl (a Sec24C homolog) binds to the ER-phagy receptor Atg40 (a FAM134B homolog)
and facilitates the packaging of ER into the autophagosome. ATZ is an aggregation-prone pro-
tein and is eliminated by ER-phagy when aggregated. ATZ aggregates accumulate in the pellet
fraction after centrifugation of the cell lysate in A#g40 mutant and Lst] mutant strains, suggesting
that Atg40 and Lstl are required for the clearance of aggregated proteins in the ER by ER-phagy
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(146). Taken together, the combination of these components works as a sorting device for secretion
versus degradation via ER-phagy; thatis, Sec24-Sec23 cargo adaptors secrete correctly folded pro-
collagen with Hsp47-TANGO1, and Sec24C—Sec23 cargo adaptors degrade aggregate-forming
procollagen by ER-phagy with FAM134B—calnexin.

The mechanism by which only correctly folded procollagen is transported to the Golgi appa-
ratus from the ER has been a long-standing enigma. In other words, the molecule(s) performing
surveillance for correctly or incorrectly folded procollagens in the ER for further transport has
never been elucidated. Hsp47 exclusively binds to correctly folded triple-helical procollagens in
the ER but not to monomeric collagen peptides or loosened triple helices. Thus, by binding to
the SH3 domain of TANGOL at the ERES, Hsp47 is assumed to enable only correctly folded
triple-helical procollagen to be transported from the ER to the Golgi apparatus. In this model,
Hsp47 is able to recognize whether procollagen is correctly folded or not, and TANGO1 serves as
the driving force for the transport of the Hsp47-procollagen complex. This model provides new
mechanisms for the recognition, selection, and sorting of the ER cargo within the ER quality-
control system, while these mechanisms should be studied in more detail in the future.

Movl13 cells cannot synthesize al chains of type I collagen due to a mutation in the co/lor]
gene, but a2 chains are synthesized (147). The a2 chains are transported to the Golgi appara-
tus and degraded in the lysosome, not by the autophagic pathway (148). When the al chains of
type I collagen are introduced into Mov13 cells, they form triple helices with the endogenous a2
chains, and these triple helices are normally secreted into the ECM. However, when the al chain
harboring a mutation in the C-propeptide region is introduced into Mov13 cells, it cannot make
a trimer with the endogenous a2 chain, and the unassembled ol chains are degraded by ERAD
(149). When the al chain harboring a glycine substitution (G859R) in the triple-helix region is
introduced into Mov13 cells, the al chains form a trimer with the endogenous a2 chains but fail
to make a correct triple helix, and the resultant heterotrimers accumulate as detergent-insoluble
aggregates; ultimately, they are removed by ER-phagy. Thus, procollagen molecules that cannot
make a correct triple helix are degraded by three distinct quality-control mechanisms—Ilysosomal
degradation, ERAD, or ER-phagy—according to the type of misfolding (Figure 5).

Mutations in the gene for type X collagen cause metaphyseal chondrodysplasia, Schmid type,
a skeletal disorder characterized by abnormal bone formation, including short stature with abnor-
mally short arms and legs and bowed legs (150). Altered type X procollagen molecules, including
those with N617K substitutions, form aberrant disulfide-bonded dimers and accumulate in the
ER due to misfolding (151, 152). This causes ER stress, ultimately disrupting growth-plate hy-
pertrophic cell differentiation and bone growth (153). Carbamazepine (CBZ), a drug approved
by the US Food and Drug Administration for use in epilepsy, bipolar disorder, and neuropathic
pain, stimulates proteolysis of misfolded collagen X by stimulating both the autophagy and ubiq-
uitin proteasomal degradation pathways and prevents liver fibrosis caused by the ATZ variant in
a mouse model (154). In a mouse model of metaphyseal chondrodysplasia, Schmid type caused
by an N617K substitution in collagen type X, CBZ reduces ER stress and improves the differ-
entiation of hypertrophic chondrocytes, resulting in an increased bone growth rate and reduced
skeletal dysplasia (155).

As described above, misfolded procollagen that accumulates in the ER induces the UPR and
ER stress. Hsp47 is indispensable for the secretion of stable triple-helical collagen. In HSP47 KO
cells, a portion of misfolded procollagen molecules accumulates in the ER and forms detergent-
insoluble aggregates, which induce splicing of XBPI and expression of CHOP, both markers of
ER stress (125). When autophagy is inhibited, a larger amount of insoluble procollagen accumu-
lates compared with soluble procollagen, implying that the insoluble procollagen molecules are
selectively degraded by ER-phagy. Interestingly, NHK, a variant of al antitrypsin that acts as an
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Figure 5

Cellular quality control of procollagen. Unassembled a1 and a2 are degraded by the ERAD and lysosomal
pathways, respectively. After trimerization at the procollagen C propeptide, a correctly folded triple-helical
procollagen is recognized and protected by the collagen-specific molecular chaperone Hsp47. The
interaction between procollagen and Hsp47 is essential for collagen synthesis in vertebrate cells. At the
ERES, TANGOL1 organizes Secl6, cTAGES, and Sec12 on the cytosolic side and interacts with Hsp47 and
procollagen on the ER luminal side to create an export route for procollagen. Once a portion of the newly
synthesized procollagen molecules in the ER is misfolded, it is sequestered from the procollagen synthetic
pathway and degraded by ER-phagy. Calnexin—-FAM134B, an ER-phagy receptor complex, mediates
ER-phagic degradation. FAM134B interacts with Sec24C, a member of the COPII complex, at ER-phagy
sites. Abbreviations: ER, endoplasmic reticulum; ERAD, ER-associated degradation; ERES, ER exit site;
Hsp47, heat shock protein; TANGOI, transport and Golgi organization 1.

ERAD model substrate, is degraded by ERAD even when autophagy is blocked, suggesting that
ERAD and ER-phagy independently and also simultaneously occur at different locations in the
ER. ER-phagy receptors would be a marker for the regions that are degraded by ER-phagy (156).
Among ER-phagy receptors, CCPGI and Sec62 respond to ER stress; however, FAM134B does
not. It remains to be addressed which ER-phagy receptors and ER chaperones are involved in
the quality control of misfolded procollagens via the ER-phagic pathway in the presence of ER
stress.
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