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Abstract

The collagenopathies are a diverse group of diseases caused primarily by mutations in collagen
genes. The resulting disruptions in collagen biogenesis can impair development, cause cellular
dysfunction, and severely impact connective tissues. Most existing treatment options only address
patient symptoms. Yet, while the disease-causing genes and proteins themselves are difficult to
target, increasing evidence suggests that resculpting the intracellular proteostasis network,
meaning the machineries responsible for producing and ensuring the integrity of collagen, could
provide substantial benefit. We present a proteostasis-focused perspective on the collagenopathies,
emphasizing progress toward understanding how mechanisms of collagen proteostasis are
disrupted in disease. In parallel, we highlight recent advances in small molecule approaches to
tune endoplasmic reticulum proteostasis that may prove useful in these disorders.

1. Proteostasis and the Collagenopathies

1.1 Collagen Biogenesis

The twenty-eight types of collagen form the structural foundation of human tissues, ranging
from skin and bone to cartilage and basement membranes. Beyond providing bulk material
for extracellular matrices, collagens facilitate dynamic biological processes such as cell
signaling, cell migration, and wound healing. Proper execution of the folding, modification,
and quality control processes required for production of this complex protein is, therefore,
critical for cell and organismal health.

Collagen production, however, presents a unique problem to cells. Collagen is not only the
most abundant protein produced by the secretory pathway, but also one of the most
challenging to fold. As illustrated in Figure 1, collagen biogenesis encompasses all the
issues of folding a large (typically >300 kDa), multi-domain, disulfide-containing protein
combined with the added difficulties of correctly assembling three >1000 amino acid
polypeptides, unusual rigidity owing to a lengthy triple-helical domain (up to ~1000 amino
acids), slow folding due to high proline content, and a requirement for extensive post-
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translational modifications. This process is orchestrated by a large cohort of endoplasmic
reticulum (ER) chaperones, quality control mechanisms, and collagen-modifying enzymes.
Some of these proteostasis factors are specific to collagen, while others have broader roles in
the folding of many different ER client proteins.

1.2 The Collagenopathies

Dysregulated collagen proteostasis occurs when cells fail to produce appropriate quantities
of properly folded and functioning collagen and/or fail to minimize intra- and extra-cellular
accumulation of defective collagens. The resulting diseases, often termed collagenopathies,
are most commonly caused by autosomal dominant mutations in collagen genes themselves,
although autosomal recessive mutations in specific collagen chaperones and modifying
enzymes can also induce disease [1-3]. For example, hundreds of mutations in collagen
type-I genes are associated with the archetypal collagenopathy, osteogenesis imperfecta
(Ol), which is also known as brittle bone disease [4]. Mutations in other collagen types are
responsible for disorders as diverse as Ehlers-Danlos syndrome (type-1V collagen) and early
onset osteoarthritis (type-11 collagen).

The majority of current treatments for the collagenopathies address disease symptoms rather
than underlying causes. In Ol, these strategies include physical rehabilitation or
pharmacological and biological approaches to increase bone mass [5] and minimize harmful
signaling pathways [6]. Stem cell and gene therapies aimed at replacing or removing
misfolded collagen offer long-term hope for substantial improvements to pathology [7,8].
The viability of these approaches remains unclear, however, in large part because questions
of efficacy, donor availability, delivery, and potential toxicity are still unsolved. In summary,
current therapies remain inadequate for alleviating pathologic manifestations of Ol and the
other collagenopathies, motivating an ongoing search for alternative treatment avenues [5,6].

1.3 A Proteostasis Perspective on the Collagenopathies

The traditional clinical view of Ol and other collagenopathies focuses on addressing tissue
dysfunction (e.g., increasing bone mass or treating inflammation) downstream of the
intracellular processes related to collagen production. Mounting evidence, however, suggests
that there could be substantial merit to intracellular, proteostasis-focused interventions.
Indeed, the often observed breakdown of genotype—phenotype relationships (see, for
instance, the Ol-causing G352S mutation in Cola1(l) that can have moderate to lethal
consequences [9,10]) suggests that the cellular environment in which collagen folds can be
as important for disease outcomes as the specific mutation involved.

From the proteostasis perspective, disease-causing mutations can engender at least three
defects that disrupt the collagen proteostasis balance (Figure 2a), all of which have been
observed in OI: (1) Nonfunctional collagen may be allowed to escape the cell, disrupting
matrix deposition, fibril organization, or interactions with other extracellular matrix
components [11-13]. (2) Mutations might result in insufficient production of functional
collagen-1, by directly lowering folding efficiency or by impacting the activity of key
chaperones [14,15]. (3) Misfolding collagen could overwhelm the ER proteostasis network,
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resulting in intracellular collagen accumulation, chronic cell stress, and apoptotic signaling
[11,16-18].

Because proper folding and function of collagen depends on numerous ER proteostasis
pathways that together tailor collagen output to physiological demand, there are many
potential opportunities to intervene (Figure 2b). For example, it may be possible to identify
and manage dysfunctional or misfolded collagen-I by enhancing quality control
mechanisms, to restore collagen-1 folding efficiency by increasing chaperone availability,
and/or to improve misfolded collagen clearance to avoid chronic cellular dysfunction. Such
proteostasis-focused interventions have shown substantial promise in other misfolding-
related genetic diseases [19-21]. Moreover, the heterogeneous nature of Ol, which impacts
not only bone structure, but also skin, hearing, teeth, heart tissue, and lung function [4],
suggests that improving cellular capacity to handle misbehaving collagen strands may prove
more effective than tissue- or patient-specific approaches.

2. Targeting Collagen Proteostasis in Disease

2.1 Identifying Potential Proteostasis Network Targets

Decades of work on both the genetics of the collagenopathies and the biochemistry of ER
proteostasis have provided substantial insight into how ER chaperones and enzymes promote
collagen folding. The peptidyl-prolyl isomerases [22], proline and lysine hydroxylases, and
collagen-specific chaperones such as Hsp47 [23] are all well-established players. In
addition, both wild-type and mutant procollagens are known to engage ATP-dependent ER
chaperones such as BiP and Grp94 [24,25], although no clear function for this interaction
has been demonstrated.

Until recently, systematic studies to define the collagen proteostasis network had not been
performed, resulting in an incomplete picture of how the ER orchestrates collagen folding
and quality control. However, two groups have now employed mass spectrometry-based
proteomics to more comprehensively map the ER proteostasis network components that
engage wild-type collagen-I [24] and collagen-VI11 [26], leading to the identification of >40
putative new collagen interactors. Among other findings, DiChiara et al showed that the
protein Erp29 recognizes and retains immature procollagen in the ER [24]. They also
discovered a previously unknown collagen-1 post-translational modification, aspartyl
hydroxylation, which has been linked to extracellular matrix disease [27]. Kuttner et al
reported a possible role for the multi-functional protein TGM2 in collagen type-VII
maturation, as well as potentially disrupted autophagy, both of which may be involved in
recessive dystrophic epidermolysis bullosa [26].

These studies highlight the power of interactome studies to provide new and unexpected
insights into collagen proteostasis. They also set the stage for systematic efforts to define
how ER proteostasis networks differentially engage wild-type versus mutant, disease-
causing collagens [28]. Related -omics approaches focused on transcript and miRNA
profiling have also helped to identify candidates whose tissue- or disease-specific expression
suggests their involvement in chondrocyte development or pathology, respectively [29,30].
As these methods mature and mechanistic follow-up studies emerge, we anticipate many
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exciting discoveries in the field of collagen proteostasis, as well as the identification of
potential therapeutic targets.

Another valuable tool that has recently been applied to the collagen proteostasis problem is
cell-based high-throughput screening. Wong et al described the use of a Gaussia luciferase
fusion to assay how a compound library impacted collagen-I secretion from Saos-2 cells
[31]. Follow-up studies with one screening hit, the broad-spectrum Hsp90 inhibitor 17-
allylamino geldanamycin, identified an unexpected role for cytosolic isoforms of Hsp90 in
collagen-1 secretion [31]. Meanwhile, Omachi et al used a sophisticated strategy based on
fusions of collagen type-1V strands to split-NanoLuc to specifically assess assembly of
Alport Syndrome-causing variants of collagen-1V [32]. With these new assays now
available, the application of Cas9-based tools in genome-wide screens provides unique
opportunities to discover, in an unbiased fashion, new factors involved in collagen
proteostasis — especially in the folding and quality control of mutant, disease-causing
collagens.

Fully assessing the therapeutic potential of pathways involved in collagen proteostasis will
require not just discovery of collagen interactors, but also understanding how regulatory
partners may contribute to disease phenotypes. In tandem with biochemical studies, the
development of improved compounds to target collagen chaperones, either alone or in the
context of relevant complexes, is another key step for translating interactome and screening-
based findings into treatment options. There now are selective inhibitors for prolyl-4-
hydroxylase [33], Hsp47 [23], and protein disulfide isomerase A1l [34], all of which are
involved in collagen biogenesis. Application of these tools to disease models, and the
development of selective activating compounds for these and other chaperones, will help
determine if modulating these proteostasis factors can favorably influence collagen folding
and/or quality control outcomes.

2.2. Systemic Approaches to Resolve Collagen Proteostasis Defects

‘Chemical chaperones’ such as 4-phenylbutyric acid (4-PBA) have shown promise in Ol and
in Alport Syndrome, apparently by improving the assembly and secretion of disease-causing
variants while simultaneously decreasing intracellular accumulation and cell stress [35,36].
However, such chemical chaperones typically require treatment with very high
concentrations, display pleiotropic effects, and operate by unknown mechanisms,
highlighting a need for more focused strategies to adapt ER proteostasis.

One promising alternative is small molecule-mediated transcriptional remodeling of the ER
proteostasis network via the unfolded protein response (UPR). The UPR (see lower portion
of Figure 1) is generally responsible for maintaining ER proteostasis (reviewed in [37]).
Upon detection of protein misfolding stress, the transmembrane signaling proteins IRE1 and
ATF6 generate the downstream transcription factors XBP1s and ATF6(f), respectively. These
transcription factors remodel the ER proteostasis network by increasing levels of ER
chaperones, quality control factors, and secretion machineries. A third stress sensor, PERK,
activates signaling pathways that reduce non-essential protein translation. Further
highlighting the potential merit of UPR-focused strategies in the collagenopathies, in
addition to the established benefits of arm-specific UPR activation for other misfolding
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proteins [19,38], many collagen chaperones are also UPR target genes [24,38]. Moreover,
results of a recent study suggest that the collagen chaperone Hsp47 can directly regulate
activation of the IRE1a isoform [39]. Finally, mutations that disrupt the DNA binding site or
prevent processing of the ATF6 family members OASIS and BBF2H7 can cause Ol and
chondrocyte-related defects, apparently by reducing collagen secretion [40-42].

Several chemical tools are now available to induce the IRE1 and ATF6 branches of the UPR
in a selective, stress-independent manner. Although the compounds likely require further
optimization, various strategies have been employed to confer small molecule activation of
IRE1 [43-45]. Recent screening campaigns have also identified small molecules capable of
selectively activating endogenous ATF6 [46,47]. Finally, disease phenotypes may benefit
from chemical inhibition of PERK, which was found to alleviate chondrodysplasia in a
mouse model system [48]. The ability of the small molecule ISRIB to productively modify
PERK/ATF4/CHOP signaling in that study, in contrast to genetic deletion of CHOP,
underscores the advantages that chemical strategies can offer in terms of dosability, delivery,
and specificity. Tuning translation via the PERK-elF2a signaling pathway may also be
useful, once the specificity and mechanism of current compounds is established [49-51].

Testing the potential of UPR pathway activation (as well as OASIS and BBF2H7 activation)
for ameliorating collagenopathies using these and other emergent chemical methods should
be a priority for the field. Robust evaluation of these small molecule UPR modulators may
benefit from the increasing availability of animal models of the collagenopathies [52],
although whether the differences between such models and human tissues limits their
relevance to disease remains to be seen.

2.3. Targeting Collagen Quality Control

While UPR-based remodeling of the ER proteostasis network could provide a general
strategy to improve collagen proteostasis, another more focused possibility is to specifically
adapt collagen quality control. Depending on the genotype, the objective could be to (1)
reduce intracellular accumulation of misfolded procollagen, (2) limit disruption of the
extracellular matrix by misfolded or dysfunctional collagen molecules, or (3) promote the
folding and secretion of collagen by inhibiting premature procollagen degradation.

Monomeric procollagen polypeptides can be subjected to proteasome-mediated clearance
via ER-associated degradation (ERAD) (Figure 3) [25,53]. How the misfolded monomers
are recognized for proteasomal targeting remains unclear, although Erp29 may be involved
[24]. Interactome studies of relevant misfolding collagen variants should provide additional
targets for tuning ERAD. Alternatively, treatment with extant ERAD inhibitors could
potentially have merit.

It seems likely, however, that the more important pathway for procollagen quality control is
autophagy (Figure 3). Autophagy has been reported to clear assembled procollagens from
the ER [54] and to play critical roles in collagen production [55]. Forrester et al recently
reported the discovery of a pathway by which ER-localized, assembled procollagen is
targeted to autophagy [56]. In particular, they found that calnexin specifically engages
misfolded procollagens, which are then targeted to autophagy by the ER-phagy receptor
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FAM134B. This autophagic targeting can be prevented by disrupting any aspect of the
calnexin cycle, as well as by Bafilomycin Al treatment. Another recent study also confirmed
autophagic targeting of aggregating procollagen molecules [57], although the degradation in
that case was Bafilomycin Al-insensitive. While this discrepancy remains to be resolved,
these two studies motivate efforts to target autophagy for addressing the collagenopathies,
especially as impaired autophagy has been linked to higher disease severity in both
osteoblasts and articular chondrocytes [16,58].

Although 4-PBA is primarily known as a chemical chaperone, it has also been proposed to
regulate autophagy via inhibition of histone deacetylases. Thus, the beneficial effects of
extended 4-PBA treatment in Ol and Alport Syndrome models could be related to improved
collagen clearance via autophagy [36,59]. Rapamycin, another autophagy activator, was able
not only to promote clearance of misfolded collagen aggregates and restore ER morphology,
but also to rescue collagen secretion and deposition in osteoblasts derived from an Ol mouse
model, although growth suppression of Ol bones has also been observed /n vivo [16,60].
Meanwhile, the autophagy activator carbamazepine alleviated several features of disease in a
metaphyseal chondrodysplasia type Schmid (MCDS) mouse model, as indicated by reduced
protein levels of UPR markers, reduced collagen type-X retention, and restored chondrocyte
organization in hypertrophic zones [61]. As the molecules currently used to activate
autophagy have potentially deleterious pleiotropic effects, improved small molecule-based
autophagy activators with greater specificity and potency are required to more fully
understand the potential of autophagy activators in the collagenopathies. Further
development of such small molecules should be catalyzed by these observations.

3. Concluding Remarks

We conclude that a proteostasis-focused approach to the collagenopathies may hold
substantial merit. The proteostasis lens provides a unifying perspective from which to view
these diseases, despite their origins in dozens of distinctive genes and symptoms impacting a
broad range of tissues. Critically, approaches targeting proteostasis network mechanisms to
rebalance collagen proteostasis are likely to prove broadly applicable across the
collagenopathies. As our understanding of the mechanisms of collagen proteostasis emerges
in tandem with advances in the chemical targeting of ER proteostasis mechanisms, we
believe this area holds great promise for effective treatment of the collagenopathies.
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Figure 1 |. Collagen production.

Nascent procollagen polypeptides, comprised of N-propeptide (~15 kDa), triple-helical (up
to ~100 kDa), and C-propeptide (~30 kDa) domains, are first co-translationally imported
into the endoplasmic reticulum (ER). Within the ER, they undergo extensive co- and post-
translational modifications prior to folding. These modifications include introduction of an
N-glycan in the C-propeptide domain, extensive hydroxylation of proline residues that is
required for thermal stability, and lysine hydroxylation that promotes extracellular
crosslinking. Procollagen folding in the ER begins with the autonomous folding of the ~30
kDa C-propeptide domain on each monomeric strand, which can only begin after the entire
protein is translated. The C-propeptide is a cysteine-rich domain whose folded state is
stabilized by multiple intramolecular disulfide bonds. After the C-propeptide folds,
individual C-propeptide domains recognize each other and assemble, a process that, at least
for the fibrillar collagens, is mediated by Ca2*- and intermolecular disulfide bonds [62]. The
resulting assembled C-propeptide trimer controls the triple helix register and initiates zipper-
like folding of the proline- and glycine-rich triple-helical domain, a process that itself
requires isomerization of hundreds of proline peptide bonds to the #rans configuration.
Triple-helix formation attenuates further procollagen hydroxylation, and sets the stage for
secretion of the protein via a non-canonical pathway. For the fibrillar collagens, the mature
protein is produced by cleavage of the propeptide domains, initiating extensive
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supramolecular assembly and the generation of hierarchical tissue architectures. This
process is orchestrated by an extensive suite of ER chaperones and quality control
mechanisms that are regulated by the three arms of the unfolded protein response (IRE1,
ATF6, and PERK), as well as the related transcriptional responders OASIS and BBF2H7,
which are highlighted in the lower portion of the figure.
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Figure 2 |. A proteostasis perspective on the collagenopathies.
(a) Maintaining the balance between production of folded, functional collagen-I and quality

control/clearance of misfolded, dysfunctional collagen-1 is essential for health. In Ol and
other collagenopathies, insufficient quality control, hyperactive quality control and failed
folding, or failed clearance leading to intracellular collagen aggregation can all cause a loss
of collagen proteostasis balance. Modulating proteostasis network activities holds potential
to resolve such defects. (b) The process that takes a collagen chain from unfolded
polypeptide to mature triple helix requires multiple steps, each of which may present a target

Curr Opin Chem Biol. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wong and Shoulders

Page 14

for therapeutic intervention. In optimal conditions (left), collagen molecules proceed
smoothly towards their final folded and functional form. By contrast (right), mutations in
enzymes that facilitate these steps or in collagen genes themselves cause nascent proteins to
fail folding or quality control and exit the funnel. From top to bottom: (i) Premature stop
codons (red circle) can lead to mRNA subjected to nonsense-mediated decay. (ii) Other
mutations (purple circles) are translated, but interfere with folding and later stages in
collagen biosynthesis. (iii) Mutant procollagen chains that are not cleared by ER-associated
degradation are often slow to fold and therefore over-modified, leading to altered matrix
stiffness. (iv) Meanwhile, procollagen chains that fail to fold may be cleared by autophagy,
or persist as intracellular aggregates. (v) Defects in collagenous tissues can result from either
insufficient collagen or escape of misfolded collagen molecules that then disrupt matrix
integrity.
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Figure 3 |. Procollagen quality control.
(a) While folding-competent procollagen molecules exit folding and modification cycles for

secretion, slow-folding or aggregated procollagen is recognized by calnexin and targeted to
autophagy, at least in part by the ER-phagy receptor FAM134B. Meanwhile, unassembled
and/or misfolding procollagen monomers can be targeted to the proteasome via ER-
associated degradation (ERAD), a process mediated by the transitional endoplasmic
reticulum ATPase VCP. Reducing degradation of procollagen chains by using VCP
inhibitors to prevent ERAD targeting or treatment with the calnexin cycle entry inhibitor
castanospermine could prove beneficial for collagenopathies stemming from hyperactive
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quality control. In other cases, the persistence of misfolded collagen aggregates can
overwhelm cellular clearance pathways, leading to escape of misfolded collagen molecules
or stress-induced cellular dysfunction. Treatment with the autophagy activators
carbamazepine, rapamycin, and 4-PBA may hold promise in reducing the disease burden of
specific collagen variants that accumulate inside cells. (b) Structures of small molecule
modulators highlighted in (a).
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