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Abstract

Cellular function depends on the maintenance of protein homeostasis (proteostasis) by regulated
protein degradation. Chronic dysregulation of proteostasis is associated with neurodegenerative
and age-related diseases, and drugs targeting components of the protein degradation apparatus are
increasingly used in cancer therapies. However, as chronic imbalances rather than loss of function
mediate their pathogenesis, research models that allow for the study of the complex effects of
drugs on tissue properties in proteostasis-associated diseases are almost completely lacking. Here,
to determine the functional effects of impaired proteostatic fine-tuning, we applied a combination
of materials science characterisation techniques to a cell-derived, /n vitro model of bone-like tissue
formation in which we pharmacologically perturbed protein degradation. We show that low-level
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inhibition of VCP/p97 and the proteasome, two major components of the degradation machinery,
have remarkably different effects on the bone-like material that human bone-marrow derived
mesenchymal stromal cells (hnMSC) form J/n vitro. Specifically, whilst proteasome inhibition
mildly enhances tissue formation, Raman spectroscopic, atomic force microscopy-based
indentation, and electron microscopy imaging reveal that VCP/p97 inhibition induces the
formation of bone-like tissue that is softer, contains less protein, appears to have more crystalline
mineral, and may involve aberrant micro- and ultra-structural tissue organisation. These
observations contrast with findings from conventional osteogenic assays that failed to identify any
effect on mineralisation. Taken together, these data suggest that mild proteostatic impairment in
hMSC alters the bone-like material they form in ways that could explain some pathologies
associated with VCP/p97-related diseases. They also demonstrate the utility of quantitative
materials science approaches for tackling long-standing questions in biology and medicine, and
could form the basis for preclinical drug testing platforms to develop therapies for diseases
stemming from perturbed proteostasis or for cancer therapies targeting protein degradation. Our
findings may also have important implications for the field of tissue engineering, as the
manufacture of cell-derived biomaterial scaffolds may need to consider proteostasis to effectively
replicate native tissues.

Introduction

Accurate and stable maintenance of cellular protein homeostasis (proteostasis) is critical for
tissue integrity and has been linked to longevity [1-4]. Perturbed proteostasis contributes to
the pathogenesis of a myriad of predominantly age-related diseases ranging from
neurodegenerative disorders to diabetes and cancer [5-7]. An elaborate network of
mechanisms constantly monitors and fine-tunes the intracellular proteome [8, 9]. The
controlled degradation of proteins that are dysfunctional, damaged, or no longer needed is
central to this process and is primarily executed by the ubiquitin-proteasome system (UPS).
The UPS recognises proteins that have been earmarked for degradation by the addition of
polyubiquitin chains, and degrades them in the 26S proteasome, thereby regulating multiple
cellular functions, including stem cell fate [10-13]. Small molecule inhibitors of the
proteasome are widely used in the treatment of multiple myeloma, and pharmacological
targeting of other UPS components is a major area of anti-cancer research [14].

The ATPase VCP/p97 plays a central role in the UPS by extracting ubiquitinated proteins
from cellular structures and delivering them to the proteasome [15-19]. Drugs targeting
VCP/p97 have therapeutic potential as anti-cancer agents and for the treatment of epilepsy
linked to GABAA receptor mutations [20-22]. VCP/p97 mutations have been associated
with a multisystem degenerative disease that comprises Paget’s disease of bone, inclusion
body myopathy, and fronto-temporal dementia (IBMPFD), and with several other diseases of
the nervous and muscular system [23-28]. In short, VCP/p97 is essential for cellular
proteostasis and maintains skeletal and neurological health [29].

Although the pathogenesis of VCP/p97-related diseases remains to be established, their
associated cellular dysfunction has been linked to defective proteostatic fine-tuning [29-31].
This putative mechanism is compatible with the notion that relatively minor but chronic or
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intermittent imbalances in proteostasis contribute to many age-related diseases [4, 29].
However, perturbations in fine-tuning that result in chronic or intermittent imbalances in
intracellular proteostasis are extremely challenging to replicate in in vitroand particularly in
in vivomodels. Indeed, the relative difficulty of establishing a research model when
impairment rather than loss of function mediates complex tissue pathologies has hampered
research efforts to identify the pathogenesis of VCP/p97-related diseases. Moreover, there
are currently no robust experimental paradigms to study the functional effects of
intracellular proteostasis imbalance or test potential therapeutic compounds that modulate
proteostasis. In short, a research platform that could mimic the functional tissue effects of
chronic or intermittent proteostasis imbalances could be invaluable in both exploring disease
mechanisms and screening for drug effects.

The bone-like material that can be formed by osteogenic cells /n vitro constitutes a highly
informative model system to study how impaired intracellular proteostasis might impact
functional tissue properties. As mesenchymal stromal/stem cells (MSC) differentiate down
the osteogenic lineage and synthesise large amounts of extracellular matrix (ECM), they
become highly dependent on mechanisms which control proteostasis [32—34]. This secreted
proteinaceous matrix is then progressively mineralised by poorly crystalline carbonated
apatite, producing a bone-like nano-composite structure in a highly controlled process such
that even small perturbations to the composition of either the proteinaceous or mineral
phases can significantly impact bone quality [35-37], providing a read-out of proteostasis
imbalance. This model is also of direct clinical relevance because the pathogenesis of VCP/
p97-related bone disease is incompletely understood; and whilst proteasome inhibitors
purportedly stimulate bone regeneration in myeloma patients, the effects of drugs targeting
VCP/p97 on bone have not been established [38-40]. Moreover, cell-derived, ECM-based
materials have been proposed as promising scaffolds to direct SC differentiation in tissue
engineering applications [41, 42]. Therefore, insight into how proteostasis imbalances may
impact these biomaterials’ functional properties may be important for creating scaffolds that
appropriately mimic native tissues.

To understand how impaired proteostatic fine-tuning functionally affected tissue, we created
an /n vitromodel using intermittent low-level proteasome or VCP/p97 inhibition in human
MSC (hMSC) as they differentiated into osteoblasts and formed a cell-derived, bone-like
material (Supplementary Figure 1). We show that low-level inhibition of VCP/p97 and the
proteasome differentially affect the bone-like material that hMSC form /n vitro. Indeed,
whilst proteasome inhibition subtly promotes the formation of a material akin to native bone,
Raman spectroscopic, atomic force microscopy (AFM)-based indentation, and electron
microscopy imaging suggest that VCP/p97 inhibition results in a material that is softer and
less proteinaceous, but whose mineral appears to be more crystalline and morphologically
aberrant. These observations suggest that mild VCP/p97 impairment in hMSC undergoing
osteogenic differentiation may alter tissue physical properties in a way that could explain
some of the pathologies associated VCP/p97-related diseases, including changes in bone
mechanical properties [43]. Our results highlight the utility of applying materials science
approaches to challenges that biological techniques cannot yet address. They may also
provide the basis for /in vitro platforms that would allow for the functional effects of
proteostasis imbalances to be evaluated quantitatively in a model that could be particularly
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relevant for high-throughput pre-clinical drug screening purposes. Finally, our findings
suggest that the fabrication of biomaterial scaffolds that utilise cell-derived matrices may
need to consider the effects of proteostasis in order to properly match scaffold properties to
those of the native tissue.

DBeQ and bortezomib induce a mild proteotoxic stress response in differentiating hMSC

To develop an /n vitro model of proteostasis imbalance, we first aimed to determine if we
could mildly perturb proteostasis in hMSC undergoing osteogenic differentiation. Genetic
approaches to deplete VCP/p97 or the proteasome are not suitable to study the effects of
mild functional impairments [20, 44]. Therefore, we took a pharmacological approach and
treated hMSC with either the well-characterised and highly selective VCP/p97 inhibitor,
DBeQ [45-48], or the first-in-class clinical proteasome inhibitor, bortezomib [49]. To define
inhibitor concentrations that would induce mild functional impairment without overt toxic
effects, we initially determined ICgq values for viability. We found that osteogenic
differentiation increased the 1Csq for DBeQ (as determined by cellular metabolic activity)
from 7.5 uM in undifferentiated hMSC to 22 uM in their differentiated progeny (Fig. 1a).
For comparison, bortezomib, which effectively kills multiple myeloma cells in vitro at
concentrations of 10-20 nM [47] (Supplementary Figure 2), did not reduce viability of
differentiating hMSC at concentrations up to 1000 nM (Fig. 1a). Next, we aimed to
determine the degree of proteotoxic stress caused by a concentration of DBeQ that did not
affect viability (5 M) at any stage of /in vitro differentiation compared to a clinically
relevant concentration of bortezomib (20 nM) by quantifying the expression of a panel of
genes encoding proteins with key roles in proteostasis. DBeQ and bortezomib both induced
a very mild proteotoxic stress response, as determined by low-level changes in proteostasis
gene mRNA levels that were largely non-significant (Fig. 1b and Supplementary Table 1).
For comparison, the protein glycosylation inhibitor tunicamycin, which causes protein
misfolding in the endoplasmic reticulum, resulted in more pronounced changes in
proteostasis gene mMRNAs when given at a nonlethal dose (Fig. 1b and Supplementary Table
1). However, immunoblotting for ubiquitinated proteins confirmed that bortezomib and
DBeQ perturbed the UPS, with a clear increase in the level of ubiquitinated proteins in cells
treated with bortezomib, while DBeQ had a minor effect (Fig. 1c and Supplementary Figure
3). These observations demonstrate that by fine-tuning an appropriate dose in differentiating
hMSC, DBeQ and bortezomib can impair intracellular proteostasis and trigger mild
proteotoxic stress that is not acutely toxic to cells.

Neither VCP/p97 nor proteasome inhibition affect gross measures of hMSC osteogenic
differentiation

Like primary osteoblasts, hMSC form bone-like mineralised nodules /n vitro in response to
chemical induction. To study the effects of VCP/p97 and proteasome inhibition on this
process, we first used conventional Alizarin Red S staining (Fig. 1d and Supplementary
Table 2) and colorimetric calcium content quantitation (Fig. 1e and Supplementary Table 3),
and although subtle qualitative changes in staining patterns were sometimes evident, we
found that neither DBeQ nor bortezomib treatment resulted in significant gross changes in

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al.

Page 5

the formation of mineralised nodules. We also quantified the expression of genes associated
with osteogenic differentiation and found that mRNA levels of RUNXZ, ALPL, BSP, and
ON were not significantly affected by treatment with DBeQ or bortezomib (Fig. 1f,
Supplementary Table 4 and Supplementary Figure 4). Taken together, these data suggest that
mild VCP/p97 or proteasome inhibition did not grossly affect the formation of bone-like
mineralised nodules nor the expression of genes known to be key drivers of osteogenic
differentiation /n vitro.

Proteasome, but not VCP/p97 inhibition, subtly promotes mineralised matrix formation

Simple, gross observations of osteogenesis are qualitative and can fail to take into account
more subtle aspects of bone formation and structure [50]. Therefore, to generate quantitative
measures of the effects of proteostasis imbalances on tissue function, we next applied
materials characterisation techniques to analyse the impact of VCP/p97 and proteasome
inhibition on differentiating hMSC’s ability to form a bone-like material /n vitro. Raman
spectroscopy detects vibrational chemical bonds, capturing the ‘biochemical signature’ of a
substance. Raman spectroscopy has been used to characterise both the composition of native
ECM [51] and that secreted by cultured cells [50, 52, 53]. Raman spectra collected from
mineralised nodules formed under all conditions revealed a sharp peak at ~960 cm™1
indicative of mineral phosphate ion vibrations (PO,®" v;) and other spectral features typical
of native bone (Fig. 2a) [54]. This observation confirmed that all groups broadly formed a
bone-like material, as previously described [50, 52, 53]. We then examined the integrated
area of the PO,/ v; peak, a relative measure of the amount of bone-like apatite [51]. Using
standard univariate peak analysis, we observed an increase (although not statistically
significant, p= 0.085) in the v; PO,* peak area in bortezomib-treated cultures compared to
controls (Fig. 2c and Supplementary Table 5). VCP/p97 inhibition, on the other hand, did
not alter the intensity of the PO,°~ v; peak. This suggests that whilst VCP/p97 inhibition did
not affect the amount of mineral produced by hMSC, proteasome inhibition subtly enhanced
it, a finding compatible with reports of the anabolic effects of proteasome inhibitors on bone
[39, 55-57], particularly in multiple myeloma [58-60].

VCP/p97, but not proteasome inhibition, impacts spectroscopic measures of mineral
crystallinity and decreases proteinaceous matrix deposition

Raman spectral analyses not only provide information about the relative quantity of a
substance, but also its structure. Therefore, we next analysed PO, v; peak position as an
indicator of mineral crystallinity. A downward shift is associated with a more amorphous,
disorganised apatite whereas an upward shift suggests that the mineral is more crystalline
[51]. Mean v; PO peak position for bortezomib-treated hMSC was similar to that of
controls. However, in the DBeQ-treated group, it was significantly higher (Fig. 2d and
Supplementary Table 5). A shift in 2O,% v; peak position was also evident in difference
spectra generated by comparing mean DBeQ- and bortezomib-treated conditions to controls
(Fig. 2a, bottom-most spectra)). The ‘control-DBeQ’ spectrum produced a shift at ~960
cm L, whilst no shift was evident in the “control-bortezomib’ difference spectrum.

As VCP/p97 inhibition appeared to impact nodules’ mineral crystallinity, we next asked if
the proteinaceous component had also been affected. The Raman peak centred at ~1660
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cm1 has been attributed to Amide | and is an indication of protein content [51]. Bortezomib
treatment did not affect the integrated area of the Amide | peak, however, it was significantly
lower in DBeQ-treated nodules compared to controls (Fig. 2e and Supplementary Table 5),
suggesting that VCP/p97 inhibition decreased the amount of Amide I-containing protein
secreted by hMSC. This was reflected in mineral to matrix ratio, a measure of the relative
amount of apatite to protein in nodules. Whilst bortezomib-treated nodules were no
different, DBeQ treatment produced nodules with significantly higher mineral to matrix
ratios compared to controls (Fig. 2f and Supplementary Table 5).

We next aimed to confirm the Raman spectroscopic distinctiveness of nodules formed when
hMSC were subjected to VCP/p97 as opposed to proteasome inhibition by multi-variate
analysis techniques. Using a 6-component Partial Least Squares-Discriminant Analysis
model, we found that whilst all groups showed similar classification error, we were able to
classify a larger fraction of DBeQ-treated spectra with better sensitivity and specificity than
either control or bortezomib-treated groups (Fig. 2b). This suggests that whilst control and
bortezomib-treated mineralised nodules were similar spectroscopically, DBeQ treatment
produced spectra that were more unique and so amenable to classification in the model.
Taken together, these observations suggest not only that VCP/p97 inhibition affected the
composition of the cell-derived mineralised material created by differentiating hMSC, but
also highlights that these effects were quantifiable using a relatively simple interdisciplinary
technique.

VCP/p97, but not proteasome inhibition, decreases mineralised nodule stiffness

As VCP/p97 inhibition affected the biochemical composition of mineralised nodules, we
next aimed to expand our /77 vitro model and determine its effect on nodules’ nano-scale
mechanical properties by measuring their stiffness. AFM is known for its high-resolution
imaging capabilities; however, it is also a powerful tool for carrying out force-indentation
measurements (Fig. 3a/b), producing quantitative insight into the mechanical properties of a
material at the nano-scale [61]. We found that Young’s modulus (£) was significantly lower
in nodules treated with DBeQ compared to controls or those treated with bortezomib (Fig.
3c and Supplementary Table 6). As indentation was carried out with a probe whose tip
radius was 8 nm (manufacturer’s specification), this observation suggests that VVCP/p97
inhibition significantly reduced the stiffness of the cell-derived material created by
differentiating hMSC at the scale of the nano-composite structure of native bone.

Proteasome inhibition reduces the strength of adhesion interactions, but VCP/p97
inhibition enhances the total energy dissipated

In addition to probing their stiffness, AFM-based indentation measurements also reveal
information regarding the cell-derived materials’ proteinaceous content. This is because
upon indentation, the AFM probe forms non-specific adhesion interactions with the surface
of the nodule (likely with proteins). During unloading of the indentation measurement, the
deflection of the cantilever can reveal the strength of the adhesion interactions between the
probe and the sample, as well as measure the distance over which those adhesion
interactions take place. We first found that adhesion force (Fig. 3d, Supplementary Figure 5,
and Supplementary Table 6) was not different in DBeQ-treated samples compared to
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controls; however, in bortezomib-treated samples, it was significantly lower. This suggests
that bortezomib-treated nodules interacted with the AFM probe less strongly, likely because
the protein composition was different and/or was tightly bound to the more highly
mineralised nodules and thus less available to interact with the AFM probe.

We next examined the length of the adhesion interactions, a measure of the distance over
which adhesion interactions take place between the sample and the AFM probe during the
unloading phase (Fig. 3e and Supplementary Table 6). DBeQ treatment produced
interactions at significantly larger adhesion interactions lengths than those observed in either
control or bortezomib-treated nodules. Analyses of the distributions showed that in DBeQ-
treated nodules, interactions often took place as the probe retracted several microns from the
contact point (2 - 4 um), as confirmed by statistical analyses for trend (Fig. 3e and
Supplementary Table 6). This contrasts with measurements on control and bortezomib-
treated cultures, where most interactions took place within a few hundred nanometers of the
contact point. This was also evident in measurements of total adhesion energy, which
accounts for both adhesion strength and the distance over which it acts (Fig. 3f and
Supplementary Table 6). All groups showed interactions with the probe at low values for
total energy (first peak in histograms at < 20 fJ), likely reflecting interactions between the
AFM probe and protein that was strongly bound to mineral. However, median adhesion
energy was significantly higher in DBeQ-treated groups and was concomitant with many
individual measurements at high values of energy dissipation. These observations suggest
that VCP/p97 inhibition produced nodules that were highly compliant mechanically and
whose protein may have been less tightly bound to the mineral (or the protein had different
charge/adhesive properties), and thus could be extended away from the nodules and dissipate
energy via interactions with the AFM probe. On the other hand, protein in control and
bortezomib-treated nodules may have been more strongly bound to mineral, as in native
bone. Moreover, these observations demonstrate that AFM, a widely-available technique,
can identify quantifiable changes in tissue properties in response to mild VCP/p97
impairment.

VCP/p97, but not proteasome inhibition impacts the ultra- and micro-structure of
mineralised nodules

As VCP/p97 inhibition affected the biochemical composition, as well as the mechanical and
adhesive properties of the bone-like material formed by hMSC, we next aimed to visualise
its effects on this matrix using a combination of transmission (TEM) and scanning electron
microscopy (SEM). TEM micrographs of control and bortezomib-treated cultures had
similar ultrastructures to those previously described for bone-like nodules [50, 62], and were
notable for aligned fibrous protein between cells (Fig. 4). However, in DBeQ-treated
cultures, we often observed more disorganised matrix in the intercellular space, and aligned
fibrous protein was less common. We also examined nodules by SEM using both backscatter
and secondary electron modes. Combining the two to create density-dependent colour SEM
(DDC-SEM) images allowed us to visualise dense mineralised and less dense proteinaceous
areas [63]. hMSC cultured under basal conditions did not form mineralised nodules
(Supplementary Figure 6). Images of the material formed under control conditions and those
treated with bortezomib contained dense, mineralised areas that appeared to closely
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associate with less dense matrix, with morphologies similar to those previously described
[64]. However, in DBeQ-treated cultures, although some dense material localised with
matrix, we also observed highly dense areas with little to no associated less dense matrix.
Moreover, the structure of the dense mineral in DBeQ-treated cultures appeared different
morphologically. Whilst dense mineralised areas of control cultures appeared smooth,
mineral in DBeQ-treated cultures appeared rougher, with needle-like crystals characteristic
of non-physiological precipitation (Supplementary Figure 7).

Discussion

Here, we used a combination of materials science-based characterisation approaches to show
that very mild impairment of intracellular proteostasis can modify tissue physical properties
in a cell-derived /n vitro model that mimics the formation of native bone tissue. Alizarin Red
S staining and calcium quantification showed that DBeQ- and bortezomib-treated as well as
control cultures all produced a similar amount of mineralised material. However, by
quantifying the PO/ v; peak intensity of Raman spectra, we determined that bortezomib-
treated samples produced numerically (but not statistically significant) more apatite than
other groups. Alizarin red S staining is a crude estimate of bone formation and whilst it
detects the presence of calcium-containing compounds [41], bone mineral is more complex.
Here, Raman spectral measurements were able to provide more specific information
regarding bone-like tissue formation.

In our /n vitro model, Raman spectroscopy identified quantitative effects of VCP/p97
inhibition, which contrasted with those of proteasome inhibition. Specifically, whilst DBeQ
appeared to increase mineral crystallinity, bortezomib had no significant effect on
spectroscopic measures of apatite structure. Mineral crystallinity increases with age [35] and
has been associated with decreased bone ductility [36] and increased fracture risk [65],
suggesting spectroscopic measurements may provide informative functional measurements
of bone quality. VCP/p97 inhibition also significantly decreased nodule protein content,
producing a higher mineral to matrix ratio when compared to controls. Although bortezomib
treatment subtly promoted mineral formation, this was accompanied by appropriate
formation of proteinaceous matrix, as mineral to matrix ratio was not different than that of
controls. As bone formation is a highly controlled process in which mineral templates on a
proteinaceous matrix, this observation suggests that whilst bortezomib increased
mineralisation (in line with previous observations [39, 57, 58]), proteasome inhibition did
not fundamentally interfere with this process. DBeQ treatment, on the other hand, induced
the formation of mineral in the absence of appropriate proteinaceous matrix deposition,
suggesting that the mineral may have been aberrant. As Raman spectral measurements are
relatively straightforward and can be performed on almost any biological sample under any
condition (wet/dry/fixed/unfixed/etc.) in the absence of labelling or staining, these
observations highlight the technique’s utility as a quantitative means to identify functional
tissue effects of VCP/p97 perturbations.

One of bone’s primary roles is to resist applied load. Therefore, its mechanical properties,
including stiffness, are central to its function. Indeed, pathological changes in mechanical
properties are associated with diseases including osteogenesis imperfecta, osteopetrosis,
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osteoporosis and rickets [66]. Our AFM-based indentation measurements showed that whilst
bortezomib had no effect on the cell-derived materials’ stiffness, DBeQ significantly
decreased their Young’s modulus. Differences in stiffness are likely not attributable to
cultures forming less mineral, as both histochemical staining and spectroscopic analyses
showed that VCP/p97 inhibition did not reduce the amount of mineral compared to control
cultures. Instead, our observations suggest that DBeQ altered either the composition or
structure of mineralised nodules. In bone, the protein-mineral nano-composite provides
toughness via pre-stress within its structure. This is mediated by cross-linked collagen fibres,
which impart compressive stress on mineral crystals as they form, whilst the growing
mineral crystals tense the collagen structure [67]. Our observations that DBeQ-treated
nodules were less stiff suggests that these composite interactions may have been limited.

Our AFM-based indentation measurements also produced highly informative observations
with regards to adhesion interactions. Adhesion interactions with the AFM probe can be
mediated by non-specific interactions, likely with protein v/a hydrophobic, ionic, steric,
and/or Van der Waals forces [68]. We observed that DBeQ, but not bortezomib treatment,
led to striking changes in key measures of adhesion, including energy dissipation, suggesting
that protein within DBeQ-treated nodules was either less tightly bound to mineral or the
proteome of DBeQ-treated nodules differed from that in control or bortezomib-treated
groups. Bone mineralisation is thought to occur when negatively charged proteins stabilise
disordered mineral precursors, which later become more crystalline and grow [69], creating
a nano-composite structure. This structure requires a precise protein composition to allow
for correct formation. Our observations suggest that in DBeQ-treated cultures, this balance
may have been disrupted, precluding the formation of bone-like mineral with appropriate
nanostructure. However, despite our quantitative insights, the effects of mild VCP/p97
impairment were subtle and not all adhesion interactions in DBeQ-treated groups displayed
long-range, energy dissipative behaviours. Indeed, distributions revealed many
measurements with short-range behaviour, similar to that in control and bortezomib-treated
groups. Indeed, our observations suggest that either a subset of cells secreted protein that
produced aberrant interactions, or a subset of the secreted proteome was aberrant.

TEM and SEM imaging suggested that DBeQ differentially affected the ultra- and micro-
structure of the bone-like material created by hMSC compared to bortezomib treatment.
Indeed, in DBeQ-treated samples, we observed amorphous rather than fibrillar proteinaceous
matrix in the intercellular spaces. As apatite templates on fibrillar collagen in native bone,
this observation lends further support to our AFM-based findings that mineral failed to
strongly interact with appropriate protein to create a bone-like nano-structure. DDC-SEM
images similarly suggested a lack of close association between less dense matrix and denser
mineral in DBeQ-treated cultures. Moreover, high magnification secondary electron SEM
images of DBeQ-treated cultures revealed needle-like mineral, akin to that observed in non-
physiological precipitation reactions [70]. These observations suggest that in addition to an
aberrant cell-mediated mineralisation process, the more crystalline mineral in DBeQ-treated
cultures could have been formed in a pure physicochemical process, similar to that in
pathological calcifications [63].
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Here, we describe a cell-derived, biomaterial-based 7 vitro model of bone formation
whereby we used pharmacological inhibition of two key components of the intracellular
protein degradation apparatus to induce mild cellular stress. We then identified a series of
relatively straightforward, widely available techniques from materials science that allowed
us to quantitatively characterise changes to tissue biochemical composition, mechanical and
adhesive properties, as well as observe morphological changes to their micro- and ultra-
structure. This combination of materials science characterisation techniques is particularly
amenable for analysing changes in bone-like tissue formation because neither AFM-based
indentation, Raman spectroscopy nor the imaging techniques requires specific staining/
labelling, which would require a priori knowledge of specific targets of the inhibition. The
limitation of this approach, of course, is that specific targets are not identified; however, as
VVCP/p97 and the proteasome inhibitors affect the proteome broadly, this approach may be
superior. Moreover, as the techniques analyse the physical material created by cells, they can
also detect potential post-translational changes in proteins, which may impact on cell/tissue
function. These changes may be missed by standard proteomic techniques, for example. In
time, techniques such as single cell proteomics that can analyse post-translation
modifications to proteins may become widely available; however, until then, physical
science-based characterisations may remain the gold standard.

As our in vitro experimental platform allows for the functional effects of proteostasis
imbalances to be evaluated quantitatively, it may find use in high-throughput pre-clinical
drug screening purposes [71], particularly to evaluate the functional effects on tissues of
therapies designed to treat diseases stemming from perturbed proteostasis or for cancer
therapies targeting protein degradation. Given that multiple components of protein
degradation pathways are being investigated as anti-cancer drug targets, our findings both
highlight potential unwanted skeletal effects such approaches might bring, and also offer an
early preclinical screening tool. Finally, cell-derived, ECM-based biomaterials akin to the
mineralised nodules formed by our hMSC cultures are highly promising as potential
scaffolds for tissue engineering [41, 42]. As these materials are secreted/arranged by tissue-
specific cells, they are both composed of appropriate ECM and contain tethered growth and
other regulatory factors to direct seeded SC. However, tissue engineering approaches such as
culture on 3D scaffolds can expose cells to reactive oxygen species, acidosis and hypoxia, all
of which are known to perturb proteostasis and activate the unfolded protein response [72].
Our finding that mildly perturbing proteostasis significantly impacts tissue properties
suggests that maintaining proteostasis may be essential in forming ECM-based biomaterial
scaffolds that replicate the native tissue.

Conclusions

Using a cell-derived model of bone formation in which we mildly perturb proteostasis, we
have shown that a combination of techniques from materials science can quantitatively
detect tissue effects that may explain some of the pathologies associated with VCP/p97-
related diseases. This model may have important implications for studying VCP/p97-related
diseases. This is because there are no existing /n vivo models that can replicate the subtle/
intermittent proteostasis imbalances that characterise these diseases. Moreover, this is the
first in vitro model we are aware of that examines the effects of proteostasis imbalances on
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the mechanical, morphological and biochemical characteristics of tissues, as previous /7
vitro studies using pharmacological agents to perturb proteostasis have only carried out
limited molecular analyses, which provide little insight into the tissue pathologies observed
in patients. Furthermore, whilst Raman spectroscopy, AFM and electron microscopy have
been used to analyse tissues [51, 63], including the material formed by cells /n vitro [50, 52,
53]; to our knowledge this is the first report using these techniques to analyse tissue changes
mediated by VCP/p97 and/or proteasome inhibition.

hMSC expansion

Human samples used in this research project were obtained from the Imperial College
Healthcare Tissue Bank (ICHTB, HTA license 12275). ICHTB is supported by the National
Institute for Health Research Biomedical Research Centre based at Imperial College
Healthcare NHS Trust and Imperial College London. ICHTB is approved by the UK
National Research Ethics Service to release human material for research (12/WA/0196), and
the samples for this project were issued from sub-collection R16052. Bone marrow aspirates
were obtained at St. Mary’s Hospital Imperial College Healthcare NHS Trust (IHCNT) from
healthy paediatric stem cell donors. hMSC were expanded for clinical use for the treatment
of Graft-versus-Host-Disease. Written informed consent for the use of hMSC for research
was obtained from the donors’ parents.

Primary cultures were established using CellSTACK® culture chambers, filling caps
(Corning Incorporated, Life Sciences) and Macopharma seeding sets (Macopharma) with a
grade A cleanroom environment under good manufacturing practice (GMP) conditions. We
targeted a seed rate of 25x10° total nucleated cells per level. Cells were cultured in
Minimum Essential Medium a with GlutaMAX™ (aMEM, Gibco) supplemented with 5%
in-house made platelet lysate. Platelets obtained by apheresis from 10 donors by the
National Blood Service were pooled, centrifuged at 3000 rpm for 10 min to eliminate
platelet bodies, and frozen at -80 °C. Platelet lysate pools were batch-tested for their ability
to support hMSC growth. Cells were cultured in a humidified incubator in 5% CO» at 37 °C
until confluent. When confluent (usually after 14 days) cells were harvested and
cryopreserved using a controlled rate freezer in 5% human albumin solution (Biotest)
containing 10% DMSO (CryoPur™, OriGen) in a 1:1 ratio. Prior to cryopreservation, hMSC
were immunophenotyped by staining with a panel of labelled mouse anti-human antibodies
(CD105-APC, CD73-PE, CD90-APC, CD45-FITC, CD34-PE, CD3-, CD19-PE, HLA-DR-
FITC and CD14-PE; BD Biosciences) using a FACSCalibur™ analyser (BD Biosciences)
and CELLQUEST software. hMSC expressed CD90, CD105, and CD73 and were negative
for hematopoietic markers CD34 and CD45 [73] (data not shown).

Cellular metabolic activity

Cellular metabolic activity as a read-out of cellular viability was measured using the Alamar
Blue® (Life Technologies) assay according to the manufacturer’s instructions. The assay is
based on the reduction of resazurin, a non-fluorescent dye, to highly fluorescent red
resorufin in healthy cells. The Alamar Blue® cell viability reagent was incubated at 10% of
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sample volume for 1-4 h at 37 °C, and the fluorescence (590 nm) of the sample measured
using a FLUOstar Omega BMG Labtech plate reader. Viability was determined relative to
untreated cells or cells treated with vehicle only.

Osteogenic differentiation of hMSC and inhibitors

hMSC were seeded at 5x10° cells/cm? in a-MEM. After 24 h, cells were approximately
80% confluent and osteogenic differentiation was initiated by switching to commercially
available Stempro® Osteogenesis Differentiation kit medium (Invitrogen) or osteogenic
differentiation medium consisting of a-MEM, 15% FBS, 100 uM ascorbic acid (Scientific
Lab Supplies, UK), 2.5 mM -glycerophosphate (Calbiochem) and 100 nM dexamethasone
(Sigma). For experiments on undifferentiated hMSC, cells were grown in a-MEM
supplemented with 10% heat-inactivated foetal bovine serum (FBS, Sigma), 1000 U/mL
penicillin, and 10mg/mL streptomycin (Sigma). Medium was changed every 3 to 4 days, and
cells were used until passage 8 only. VCP/p97 and the proteasome were inhibited with
DBeQ (Biovision) or bortezomib (Calbiochem). Tunicamycin was purchased from Sigma.

Myeloma cell line

Human OPM-2 multiple myeloma cells (obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen DSMZ; identity confirmed using short tandem repeat
profiling of 10 loci (Core Genomic Facility, Medical School, University of Sheffield)) were
cultured in RPMI-1640 (Invitrogen) supplemented with 10% FBS.

RNA extraction and reverse transcription

Cells were harvested and snap frozen using liquid nitrogen. RNA was extracted using the
GeneJET RNA Purification kit (Thermo Scientific) followed by removal of genomic DNA
according to the manufacturer’s instructions. Remaining traces of DNA were removed using
DNase I treatment (Invitrogen). cDNA synthesis was performed using the RevertAid First
Strand cDNA Synthesis kit (Thermo Scientific) according to the manufacturer’s instructions
using an Applied Biosystems 2720 Thermal Cycler (Life Technologies).

Quantitation of gene expression by real-time PCR

PCR reactions were performed on an Applied Biosystems StepOnePlus™ PCR machine
using 10 uL SYBR Green JumpStart™ Tag ready Mix™ PCR (Sigma), 0.48 uL sequence-
specific primers at 300 nM (Supplementary Table 7) and 5 uL cDNA.. A three-step cycle was
employed: (1) denaturation at 94 °C for 2 min; (2) annealing/extension at 60 °C for 1 min;
and (3) melting from 60 °C to 94 °C for 2.5 min. The AACT method was used to quantify
fold changes in expression (2"22C9) of each gene of interest and normalized to the
expression of GAPDH in undifferentiated control cells.

Immunobloting

Whole-cell protein extracts were prepared on ice using a lysis buffer (Cell Signaling)
supplemented with Complete EDTA-free Protease Inhibitor Cocktail (Roche). Then, after 10
min on ice and centrifugation at 4 °C (14,000 rpm) for 10 min, the supernatant was
collected. Protein concentration was measured using Bradford reagent (Bio-RAD) according
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to the manufacturer’s instructions. Proteins were denatured at 100 °C for 5 min with
standard SDS-PAGE Loading Buffer (200 mM Tris-Cl, pH 6.8), 400 mM DTT, 8% SDS,
0.4% bromophenol blue, 40% glycerol). Proteins were separated on a 10% SDS
polyacrylamide gel using electrophoresis and transferred to PVDF membranes (GE
Healthcare). Membranes were blocked with 0.1% TBST (Tris-Buffered Saline, Tween20)
containing 5% non-fat milk for 1 h at room temperature, incubated with primary antibodies
against ubiquitin (Cell Signalling Technology, cat. no. 39335) and beta-tubulin (Cell
Signalling Technology, cat. no. 21465) and then with a secondary anti-rabbit 1gG labelled
with horseradish peroxidase (Cell Signalling Technology, cat. no. 70745). Finally, an
electrochemiluminescence (ECL™ Western Blotting Reagents, GE Healthcare) system was
used to detect proteins.

Alizarin Red S staining

Mineralisation was measured by staining with Alizarin Red S (ARS), a Ca*-binding dye.
Cells were washed with phosphate-buffered saline (PBS; Sigma) and fixed in 10% formalin
in PBS for 20 min. Cells were washed twice in PBS followed by staining with 2% (w/v)
Alizarin Red S (Sigma) solution in dH,O (after adjusting the pH to 4.2 using 10% NH,OH)
for 10 min at room temperature. The dye solution was drained and the cells washed with
running water for 30 min. Cultures were visualised using an EVOS x1 Core digital inverted
cell imaging microscope system.

Calcium quantification

Differentiated cell cultures were rinsed with PBS and then incubated at 4 °C on an orbital
shaker overnight in 0.5 M HCI. Calcium quantification was then performed on lysates using
the Calcium Colorimetric Assay kit (BioVision) according to the manufacturer’s
instructions. Briefly, 10 pL of sample (HCI with dissolved nodules) or known standards were
incubated with 90 uL of chromogenic reagent that binds to the complex formed between
calcium ions and O-cresolphthalein, and 60 pL of assay buffer. The absorbance was then
measured at 575 nm using a FLUOstar Omega BMG Labtech plate reader. The calcium
concentration in the samples was then calculated using a standard curve generated using
serial dilutions (0 to 2 pg).

Raman spectroscopy measurements and analyses

For Raman spectroscopy measurements, hMSC were cultured as described above, but were
seeded on MgF> coverslips (Crystran, UK) instead of tissue culture plastic to facilitate
Raman spectral analyses. MgF, is a weak Raman scatterer, whilst tissue culture plastic
produces an intense Raman signal [74]. After 21 days in culture, MgF, coverslips were
briefly rinsed with deionised H,0 and dried in a bell jar desiccator [50]. Raman
measurements were performed using a custom build Raman system consisting of a Laser
Quantum Ventus 532 nm Laser (Stockport, UK). The laser was coupled via free space optics
into an Olympus BX60 microscope (Hamburg, DE). Raman scattered light was collected
through a 50x/NA 0.8 objective and fibre coupled into an Acton SpectraPro 2500i /6.5
spectrograph, using a 1200 lines/mm grating with a Princeton Instruments PIXIS 400F 1340
x 400 pixel CCD camera (Trenton, NJ) operating at -75 °C. Integration time was 10 s,
averaged 3 times for each spectrum, using 30 mW at the sample. We have previously shown
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that these conditions do not cause spectral changes due to sample heating/burning [52]. For
univariate peak analyses, between 295 and 315 spectra were examined per group.

Data were smoothed using a 5 point Savitzky-Golay filter and background corrected by a 5t
order polynomial using an automated weighted least squares fitting method [75]. To
determine the position of the PO43 v; peak at ~960 cm™L, a single Gaussian was fit to the
data, as previously described [76, 77]. Gaussian fits were used to calculate the 960 cm™t
(PO43 v1) and 1660 cm™ (Amide 1) peak areas. The mineral to matrix ratio was calculated
by determining the ratio of the area of the 960 cm™! peak to that of the 1660 cm™ peak [50,
51] after normalization using Multiplicative Scatter Correction. Spectra with a PO43" v;
peak area of less than 500 were excluded from multivariate analyses and in total, spectra
collected from 29 control-, 38 DBeQ- and 42 bortezomib-treated cultures were analysed. For
classification analyses, a 6-component Partial Least Squares-Discriminant Analysis model
was fitted and cross validated using venetian blinds and 10 splits.

Atomic force microscopy (AFM) measurements of nodule stiffness and adhesion

22 mm glass coverslips were prepared by soaking in FBS overnight and allowing to air dry.
hMSC were seeded at 190,000 cells/coverslip. The next day, basal medium was replaced
with osteogenic medium and cells were differentiated as described above. After 21 days,
coverslips were frozen slowly [50]. Briefly, medium was aspirated from plates and replaced
with a 1:1 solution of 20% DMSO in FBS:basal medium. Plates were then sealed with
parafilm and placed within 2 nesting polystyrene boxes at -80 °C. Samples were defrosted at
room temperature immediately prior to measurements. Coverslips were immobilised on 60
mm diameter tissue culture dishes (TPP, CH) by gluing small coverslips to the plate at the
sample edges. Coverslips were immersed in PBS (without calcium and magnesium, pH 7.4,
Gibco) and measurements were made at room temperature. Mineralised nodules were
identified from bright field images as dense, opaque patches on the culture surface that
varied in diameter between ~35 and 125 um. Indentation measurements were carried out on
a JPK Nanowizard® | AFM equipped with a cantilever (cantilever B, spring constant, K ~16
N/m) with a pyramidal, silicon AFM probe (HQ:NSC35/Hard/AL BS, MikroMasch®,
Germany). Cantilevers were calibrated using the thermal method[78]. Analysis was
performed using J Unicam and JPK SPM software 2.3 01/2006 (JPK Instruments AG, DE).
Indentations were carried out at 1 Hz under a constant loading rate with a relative setpoint
force set as 3650 nN and no dwelling time. The effect of the hard underlying substrate was
assumed to be negligible as the indenter penetration was less than 10% of the nodule
thickness [79, 80]. Nanoindentations were made at between 1 and 5 locations on each
nodule’s surface. 20 individual force indentation curves were made at each location (1 x 1
um?2). Measurements were performed on at least 12 nodules per donor per treatment.
Young’s modulus (£), maximum adhesion force, maximum length of adhesion interactions,
and adhesion energy were determined in JPK SPM software using the Hertz model. The
Poisson’s ratio of both the sample and tip were assumed to be 0.3 [81].

Transmission Electron Microscope (TEM) imaging

Differentiated hMSC cultures were scraped from plates and pelleted in PBS. Pellets were
fixed with 1% (w/v) glutaraldehyde for 15 min, then washed in cacodylate buffer three
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times, followed by incubation in 1% (w/v) osmium tetroxide and 1.5% (w/v) potassium
ferrocyanide in H,O for 1 h. Pellets were then washed in H,O three times and dehydrated in
an ethanol/distilled water series at concentrations from 20 to 100% ethanol for 15 min in
each. Samples were then infiltrated with Epon 812 (EMS) epoxy resin in absolute ethanol at
ratios of 3:1, 2:1, 1:1, 1:2, 1:3 (ethanol:resin) and then 100% epoxy resin for 6 h each.
Samples were then cured at 60 °C for 48 h. Resin blocks were sectioned on a Leica Ultracut
EM FC7 ultramicrotome on an ultracut UC7 chassis into 80 nm sections, placed on grids,
stained with Reynold’s lead citrate for 15 min and 1% (w/v) uranyl acetate for 15 min, then
imaged on a Jeol 1010 TEM at 80 KV.

Scanning Electron Microcope (SEM) imaging

Cultures in well plates were dehydrated using increasing concentrations of ethanol (20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 100% and 100% for 10 min each) and
mounted on SEM stubs using carbon tape. Silver painting and carbon coating was carried
out using a Quorum K975X Carbon coater. Samples were imaged on either a Hitatchi
S-3499N or a Zeiss Sigma. For DDC-SEM images, secondary electron (SE) mode was used
to obtain topographic information, whilst the backscattered electron detector (BSE) was
applied to differentiate between organic and inorganic material. DDC-SEM images were
produced by assigning different colours to the BSE and SE modes using Image J.

Statistical analyses

Statistical analyses for all measurements were carried out using a non-parametric Kruskal-
Wallis test followed by Dunn's multiple comparison test unless stated otherwise. All
analyses were carried out using GraphPad Prism version 7 for Windows (GraphPad
Software, USA). Significant differences in the distributions of adhesion values between
treatments were evaluated using a Mantel-Haenszel linear-by-linear association Chi-squared
( ;(2) test for trend. Power was evaluated by determining Goodman and Kruskal’s gamma (y)
and standardised residuals (SR) were used to identify the most significant intervals that
contributed to differences between histograms, all three using IBM® SPSS® statistics
version V23. pvalues are indicated in figure captions, *p < 0.05, **p < 0.01 and ***p <
0.001 and showed in detail in supplementary tables.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

HWA and SL acknowledge the support of the Imperial College London NIHR BRC, the Cancer Research UK
Imperial Centre, the Imperial Experimental Cancer Medicine Centre, and the Imperial College Healthcare Tissue
Biobank. HWA was supported by a Cancer Research UK Clinician Scientist Fellowship. EG was supported by a
Research Career Development Fellowship from the Wellcome Trust and a Philip Leverhulme Prize from the
Leverhulme Trust. TMC was supported by a Whitaker International Program Fellowship. MABH was supported by
a STSM Grant from the COST Action BM1401.

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al. Page 16

References

[1]. Perez VI, Buffenstein R, Masamsetti V, Leonard S, Salmon AB, Mele J, et al. Protein stability and
resistance to oxidative stress are determinants of longevity in the longest-living rodent, the naked
mole-rat. Proc Natl Acad Sci U S A. 2009; 106:3059-64. [PubMed: 19223593]

[2]. Kaushik S, Cuervo AM. Proteostasis and aging. Nat Med. 2015; 21:1406-15. [PubMed:
26646497]

[3]. Labbadia J, Morimoto RI. The biology of proteostasis in aging and disease. Annu Rev Biochem.
2015; 84:435-64. [PubMed: 25784053]

[4]. Schneider K, Bertolotti A. Surviving protein quality control catastrophes--from cells to organisms.
J Cell Sci. 2015; 128:3861-9. [PubMed: 26483388]

[5]. Clarke HJ, Chambers JE, Liniker E, Marciniak SJ. Endoplasmic reticulum stress in malignancy.
Cancer Cell. 2014; 25:563-73. [PubMed: 24823636]

[6]. Hetz C, Mollereau B. Disturbance of endoplasmic reticulum proteostasis in neurodegenerative
diseases. Nat Rev Neurosci. 2014; 15:233-49. [PubMed: 24619348]

[7]. Mukherjee A, Morales-Scheihing D, Butler PC, Soto C. Type 2 diabetes as a protein misfolding
disease. Trends Mol Med. 2015; 21:439-49. [PubMed: 25998900]

[8]. Hetz C, Chevet E, Oakes SA. Proteostasis control by the unfolded protein response. Nat Cell Biol.
2015; 17:829-38. [PubMed: 26123108]

[9]. Balchin D, Hayer-Hartl M, Hartl FU. In vivo aspects of protein folding and quality control.
Science. 2016; 353:aac4354. [PubMed: 27365453]

[10]. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998; 67:425-479.
[PubMed: 9759494]

[11]. Cenci S, Mezghrani A, Cascio P, Bianchi G, Cerruti F, Fra A, et al. Progressively impaired
proteasomal capacity during terminal plasma cell differentiation. EMBO J. 2006; 25:1104-1113.
[PubMed: 16498407]

[12]. Moran-Crusio K, Reavie LB, Aifantis I. Regulation of hematopoietic stem cell fate by the
ubiquitin proteasome system. Trends Immunol. 2012; 33:357-363. [PubMed: 22349458]

[13]. Widjaja CE, Olvera JG, Metz PJ, Phan AT, Savas JN, de Bruin G, et al. Proteasome activity
regulates CD8+ T lymphocyte metabolism and fate specification. J Clin Invest. 2017; 127:3609-
3623. [PubMed: 28846070]

[14]. Deshaies RJ. Proteotoxic crisis, the ubiquitin-proteasome system, and cancer therapy. BMC Biol.
2014; 12:94. [PubMed: 25385277]

[15]. Meyer HH, Shorter JG, Seemann J, Pappin D, Warren G. A complex of mammalian ufdl and
npl4 links the AAA-ATPase, p97, to ubiquitin and nuclear transport pathways. EMBO J. 2000;
19:2181-2192. [PubMed: 10811609]

[16]. Ye Y, Meyer HH, Rapoport TA. The AAA ATPase Cdc48/p97 and its partners transport proteins
from the ER into the cytosol. Nature. 2001; 414:652-6. [PubMed: 11740563]

[17]. Ye Y, Meyer HH, Rapoport TA. Function of the p97-Ufd1-Npl4 complex in retrotranslocation
from the ER to the cytosol: dual recognition of nonubiquitinated polypeptide segments and
polyubiquitin chains. J Cell Biol. 2003; 162:71-84. [PubMed: 12847084]

[18]. Verma R, Oania R, Fang R, Smith GT, Deshaies RJ. Cdc48/p97 mediates UV-dependent turnover
of RNA Pol Il. Mol Cell. 2011; 41:82-92. [PubMed: 21211725]

[19]. Meyer H. p97 complexes as signal integration hubs. BMC Biol. 2012; 10:48. [PubMed:
22694940]

[20]. Anderson DJ, Le Moigne R, Djakovic S, Kumar B, Rice J, Wong S, et al. Targeting the AAA
ATPase p97 as an Approach to Treat Cancer through Disruption of Protein Homeostasis. Cancer
Cell. 2015; 28:653-65. [PubMed: 26555175]

[21]. Skrott Z, Mistrik M, Andersen KK, Friis S, Majera D, Gursky J, et al. Alcohol-abuse drug
disulfiram targets cancer via p97 segregase adaptor NPL4. Nature. 2017; 552:194-199. [PubMed:
29211715]

[22]. Han DY, Di XJ, Fu YL, Mu TW. Combining valosin-containing protein (VCP) inhibition and
suberanilohydroxamic acid (SAHA) treatment additively enhances the folding, trafficking, and

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al.

Page 17

function of epilepsy-associated TS-aminobutyric acid, type A (GABA(A)) receptors. J Biol Chem.
2015; 290:325-337. [PubMed: 25406314]

[23]. Watts GD, Wymer J, Kovach MJ, Mehta SG, Mumm S, Darvish D, et al. Inclusion body

myopathy associated with Paget disease of bone and frontotemporal dementia is caused by
mutant valosin-containing protein. Nat Genet. 2004; 36:377-81. [PubMed: 15034582]

[24]. Tresse E, Salomons FA, Vesa J, Bott LC, Kimonis V, Yao TP, et al. VCP/p97 is essential for

maturation of ubiquitin-containing autophagosomes and this function is impaired by mutations
that cause IBMPFD. Autophagy. 2010; 6:217-27. [PubMed: 20104022]

[25]. Janiesch PC, Kim J, Mouysset J, Barikbin R, Lochmuller H, Cassata G, et al. The ubiquitin-

selective chaperone CDC-48/p97 links myosin assembly to human myopathy. Nat Cell Biol.
2007; 9:379-90. [PubMed: 17369820]

[26]. Clemen CS, Tangavelou K, Strucksberg KH, Just S, Gaertner L, Regus-Leidig H, et al.

Strumpellin is a novel valosin-containing protein binding partner linking hereditary spastic
paraplegia to protein aggregation diseases. Brain. 2010; 133:2920-41. [PubMed: 20833645]

[27]. Gonzalez MA, Feely SM, Speziani F, Strickland AV, Danzi M, Bacon C, et al. A novel mutation

in VCP causes Charcot-Marie-Tooth Type 2 disease. Brain. 2014; 137:2897-902. [PubMed:
25125609]

[28]. Liewluck T, Milone M, Mauermann ML, Castro-Couch M, Cerhan JH, Murthy NS. A novel VCP

mutation underlies scapuloperoneal muscular dystrophy and dropped head syndrome featuring
lobulated fibers. Muscle Nerve. 2014; 50:295-9. [PubMed: 24838343]

[29]. Meyer H, Weihl CC. The VCP/p97 system at a glance: connecting cellular function to disease

pathogenesis. J Cell Sci. 2014; 127:3877-83. [PubMed: 25146396]

[30]. Ju JS, Weihl CC. Inclusion body myopathy, Paget's disease of the bone and fronto-temporal

dementia: a disorder of autophagy. Hum Mol Genet. 2010; 19:R38-45. [PubMed: 20410287]

[31]. Wang T, Xu W, Qin M, Yang Y, Bao P, Shen F, et al. Pathogenic Mutations in the Valosin-

containing Protein/p97(VCP) N-domain Inhibit the SUMOylation of VCP and Lead to Impaired
Stress Response. J Biol Chem. 2016; 291:14373-84. [PubMed: 27226613]

[32]. Saito A, Ochiai K, Kondo S, Tsumagari K, Murakami T, Cavener DR, et al. Endoplasmic

reticulum stress response mediated by the PERK-elF2(alpha)-ATF4 pathway is involved in
osteoblast differentiation induced by BMP2. J Biol Chem. 2011; 286:4809-18. [PubMed:
21135100]

[33]. Tohmonda T, Miyauchi Y, Ghosh R, Yoda M, Uchikawa S, Takito J, et al. The IRElalpha-XBP1

pathway is essential for osteoblast differentiation through promoting transcription of Osterix.
EMBO Rep. 2011; 12:451-7. [PubMed: 21415858]

[34]. Guo FJ, Jiang R, Xiong Z, Xia F, Li M, Chen L, et al. IRE1a constitutes a negative feedback loop

with BMP2 and acts as a novel mediator in modulating osteogenic differentiation. Cell Death
Dis. 2014; 5:1239. [PubMed: 24853417]

[35]. Akkus O, Adar F, Schaffler MB. Age-related changes in physicochemical properties of mineral

crystals are related to impaired mechanical function of cortical bone. Bone. 2004; 34:443-453.
[PubMed: 15003792]

[36]. Yerramshetty JS, Akkus O. The associations between mineral crystallinity and the mechanical

properties of human cortical bone. Bone. 2008; 42:476-482. [PubMed: 18187375]

[37]. Sui BD, Hu CH, Liu AQ, Zheng CX, Xuan K, Jin Y. Stem cell-based bone regeneration in

diseased microenvironments: Challenges and solutions. Biomaterials. 2017

[38]. Garrett IR, Chen D, Gutierrez G, Zhao M, Escobedo A, Rossini G, et al. Selective inhibitors of

the osteoblast proteasome stimulate bone formation in vivo and in vitro. J Clin Invest. 2003;
111:1771-1782. [PubMed: 12782679]

[39]. Mukherjee S, Raje N, Schoonmaker JA, Liu JC, Hideshima T, Wein MN, et al. Pharmacologic

targeting of a stem/progenitor population in vivo is associated with enhanced bone regeneration
in mice. J Clin Invest. 2008; 118:491-504. [PubMed: 18219387]

[40]. Toscani D, Palumbo C, Dalla Palma B, Ferretti M, Bolzoni M, Marchica V, et al. The

proteasomei nhibitor bortezomib maintains osteocyte viability in multiple myeloma patients by
reducing both Apoptosis and autophagy: a new function for proteasome inhibitors. J Bone Miner
Res. 2016; 31:815-827. [PubMed: 26551485]

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al.

Page 18

[41]. Evans ND, Gentleman E, Chen X, Roberts CJ, Polak JM, Stevens MM. Extracellular matrix-

mediated osteogenic differentiation of murine embryonic stem cells. Biomaterials. 2010;
31:3244-52. [PubMed: 20149448]

[42]. Yan Y, Martin LM, Bosco DB, Bundy JL, Nowakowski RS, Sang QX, et al. Differential effects of

acellular embryonic matrices on pluripotent stem cell expansion and neural differentiation.
Biomaterials. 2015; 73:231-42. [PubMed: 26410789]

[43]. Zimmermann EA, Kohne T, Bale HA, Panganiban B, Gludovatz B, Zustin J, et al. Modifications

to nano- and microstructural quality and the effects on mechanical integrity in Paget's disease of
bone. J Bone Miner Res. 2015; 30:264-73. [PubMed: 25112610]

[44]. Muller JM, Deinhardt K, Rosewell I, Warren G, Shima DT. Targeted deletion of p97 (VCP/

CDC48) in mouse results in early embryonic lethality. Biochem Biophys Res Commun. 2007;
354:459-65. [PubMed: 17239345]

[45]. Chou TF, Brown SJ, Minond D, Nordin BE, Li K, Jones AC, et al. Reversible inhibitor of p97,

DBeQ, impairs both ubiquitin-dependent and autophagic protein clearance pathways. Proc Natl
Acad Sci USA. 2011; 108:4834-9. [PubMed: 21383145]

[46]. Chou TF, Deshaies RJ. Development of p97 AAA ATPase inhibitors. Autophagy. 2011; 7:1091-

2. [PubMed: 21606684]

[47]. Parzych K, Chinn TM, Chen Z, Loaiza S, Porsch F, Valbuena GN, et al. Inadequate fine-tuning of

protein synthesis and failure of amino acid homeostasis following inhibition of the ATPase VCP/
p97. Cell Death Dis. 2015; 6:2031. [PubMed: 26720340]

[48]. Bastola P, Neums L, Schoenen FJ, Chien J. VCP inhibitors induce endoplasmic reticulum stress,

cause cell cycle arrest, trigger caspase-mediated cell death and synergistically kill ovarian cancer
cells in combination with Salubrinal. Mol Oncol. 2016; 10:1559-1574. [PubMed: 27729194]

[49]. Richardson PG, Barlogie B, Berenson J, Singhal S, Jagannath S, Irwin D, et al. A phase 2 study

of bortezomib in relapsed, refractory myeloma. N Engl J Med. 2003; 348:2609-2617. [PubMed:
12826635]

[50]. Gentleman E, Swain RJ, Evans ND, Boonrungsiman S, Jell G, Ball MD, et al. Comparative

materials differences revealed in engineered bone as a function of cell-specific differentiation.
Nat Mater. 2009; 8:763-70. [PubMed: 19633661]

[51]. Tarnowski CP, Ignelzi MA, Wang W, Taboas JM, Goldstein SA, Morris MD. Earliest mineral and

matrix changes in force-induced musculoskeletal disease as revealed by Raman
microspectroscopic imaging. J Bone Miner Res. 2004; 19:64-71. [PubMed: 14753738]

[52]. Evans ND, Swain RJ, Gentleman E, Gentleman MM, Stevens MM. Gene-Expression Analysis

Reveals That Embryonic Stem Cells Cultured under Osteogenic Conditions Produce Mineral
Non-Specifically Compared to Marrow Stromal Cells or Osteoblasts. Eur Cell Mater. 2012;
24:211-223. [PubMed: 23007907]

[53]. Volponi AA, Gentleman E, Fatscher R, Pang YW, Gentleman MM, Sharpe PT. Composition of

Mineral Produced by Dental Mesenchymal Stem Cells. J Dent Res. 2015; 94:1568-74. [PubMed:
26253190]

[54]. Carden A, Morris MD. Application of vibrational spectroscopy to the study of mineralized

tissues (review). J Biomed Opt. 2000; 5:259-268. [PubMed: 10958610]

[55]. Qiang YW, Hu B, Chen Y, Zhong Y, Shi B, Barlogie B, et al. Bortezomib induces osteoblast

differentiation via Wnt-independent activation of beta-catenin/TCF signaling. Blood. 2009;
113:4319-30. [PubMed: 19196662]

[56]. Gioia R, Panaroni C, Besio R, Palladini G, Merlini G, Giansanti V, et al. Impaired

osteoblastogenesis in a murine model of dominant osteogenesis imperfecta: a new target for
osteogenesis imperfecta pharmacological therapy. Stem Cells. 2012; 30:1465-76. [PubMed:
22511244]

[57]. Uyama M, Sato MM, Kawanami M, Tamura M. Regulation of osteoblastic differentiation by the

proteasome inhibitor bortezomib. Genes Cells. 2012; 17:548-58. [PubMed: 22702336]

[58]. Giuliani N, Morandi F, Tagliaferri S, Lazzaretti M, Bonomini S, Crugnola M, et al. The

proteasome inhibitor bortezomib affects osteoblast differentiation in vitro and in vivo in multiple
myeloma patients. Blood. 2007; 110:334-8. [PubMed: 17371942]

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al.

Page 19

[59]. Deleu S, Lemaire M, Arts J, Menu E, Van Valckenborgh E, Vande Broek 1, et al. Bortezomib

alone or in combination with the histone deacetylase inhibitor JNJ-26481585: effect on myeloma
bone disease in the 5T2MM murine model of myeloma. Cancer Res. 2009; 69:5307-11.
[PubMed: 19531653]

[60]. Lund T, Soe K, Abildgaard N, Garnero P, Pedersen PT, Ormstrup T, et al. First-line treatment

with bortezomib rapidly stimulates both osteoblast activity and bone matrix deposition in patients
with multiple myeloma, and stimulates osteoblast proliferation and differentiation in vitro. Eur J
Haematol. 2010; 85:290-9. [PubMed: 20528908]

[61]. Choi S, Friedrichs J, Song YH, Werner C, Estroff LA, Fischbach C. Intrafibrillar, bone-mimetic

collagen mineralization regulates breast cancer cell adhesion and migration. Biomaterials. 2018

[62]. Bonewald LF, Harris SE, Rosser J, Dallas MR, Dallas SL, Camacho NP, et al. Von Kossa staining

alone is not sufficient to confirm that mineralization in vitro represents bone formation. Calcif
Tissue Int. 2003; 72:537-547. [PubMed: 12724828]

[63]. Bertazzo S, Gentleman E, Cloyd KL, Chester AH, Yacoub MH, Stevens MM. Nano-analytical

electron microscopy reveals fundamental insights into human cardiovascular tissue calcification.
Nat Mater. 2013; 12:576-83. [PubMed: 23603848]

[64]. Querido W, Abracado LG, Rossi AL, Campos APC, Rossi AM, Gil RAS, et al. Ultrastructural

and Mineral Phase Characterization of the Bone-Like Matrix Assembled in F-OST Osteoblast
Cultures. Calcif Tissue Int. 2011; 89:358-371. [PubMed: 21901516]

[65]. Gourion-Arsiquaud S, Faibish D, Myers E, Spevak L, Compston J, Hodsman A, et al. Use of

FTIR Spectroscopic Imaging to Identify Parameters Associated With Fragility Fracture. J Bone
Miner Res. 2009; 24:1565-1571. [PubMed: 19419303]

[66]. Li BH, Aspden RM. Composition and mechanical properties of cancellous bone from the femoral

head of patients with osteoporosis or osteoarthritis. J Bone Miner Res. 1997; 12:641-651.
[PubMed: 9101376]

[67]. Reznikov N, Steele JAM, Fratzl P, Stevens MM. A materials science vision of extracellular

matrix mineralization. Nature Reviews Materials. 2016; 1

[68]. Butt HJ, Cappella B, Kappl M. Force measurements with the atomic force microscope:

Technique, interpretation and applications. Surf Sci Rep. 2005; 59:1-152.

[69]. Nudelman F, Pieterse K, George A, Bomans PHH, Friedrich H, Brylka LJ, et al. The role of

collagen in bone apatite formation in the presence of hydroxyapatite nucleation inhibitors. Nat
Mater. 2010; 9:1004-1009. [PubMed: 20972429]

[70]. Gebrehiwet T, Guo LJ, Fox D, Huang H, Fujita Y, Smith R, et al. Precipitation of calcium

carbonate and calcium phosphate under diffusion controlled mixing. Appl Geochem. 2014;
46:43-56.

[71]. de la Puente F, Muz B, Gilson RC, Azab F, Luderer M, King J, et al. 3D tissue-engineered bone

marrow as a novel model to study pathophysiology and drug resistance in multiple myeloma.
Biomaterials. 2015; 73:70-84. [PubMed: 26402156]

[72]. Almanza A, Carlesso A, Chintha C, Creedican S, Doultsinos D, Leuzzi B, et al. Endoplasmic

reticulum stress signalling - from basic mechanisms to clinical applications. FEBS J. 2018

[73]. Lv FJ, Tuan RS, Cheung KMC, Leung VYL. Concise review: the surface markers and identity of

human mesenchymal stem cells. Stem Cells. 2014; 32:1408-1419. [PubMed: 24578244]

[74]. Notingher 1, Jell G, Lohbauer U, Salih V, Hench LL. In situ non-invasive spectral discrimination

between bone cell phenotypes used in tissue engineering. J Cell Biochem. 2004; 92:1180-1192.
[PubMed: 15258901]

[75]. Lieber CA, Mahadevan-Jansen A. Automated method for subtraction of fluorescence from

biological Raman spectra. Appl Spectrosc. 2003; 57:1363-1367. [PubMed: 14658149]

[76]. Morris MD, Mandair GS. Raman assessment of bone quality. Clin Orthop Relat Res. 2011,

469:2160-9. [PubMed: 21116756]

[77]. Wallace JM, Golcuk K, Morris MD, Kohn DH. Inbred strain-specific response to biglycan

deficiency in the cortical bone of C57BL6/129 and C3H/He mice. J Bone Miner Res. 2009;
24:1002-12. [PubMed: 19113913]

[78]. Hutter JL, Bechhoefer J. Calibration of Atomic-Force Microscope Tips. Rev Sci Instrum. 1993;

64:1868-1873.

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al. Page 20

[79]. Jung YG, Lawn BR, Martyniuk M, Huang H, Hu XZ. Evaluation of elastic modulus and hardness
of thin films by nanoindentation. J Mater Res. 2004; 19:3076-3080.

[80]. Sirghi L, Ponti J, Broggi F, Rossi F. Probing elasticity and adhesion of live cells by atomic force
microscopy indentation. Eur Biophys J. 2008; 37:935-945. [PubMed: 18365186]

[81]. Lefevre E, Guivier-Curien C, Pithioux M, Charrier A. Determination of mechanical properties of
cortical bone using AFM under dry and immersed conditions. Comput Methods Biomech
Biomed Engin. 2013; 16:337-339. [PubMed: 23923965]

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al. Page 21
a > 1507 day ICso S, 150-
= 1 0 74 £ l |
E 721 119.9 8
£ 14236 g
= 100, = 1001
8 8
° o
@ @
2 50 2 50
g ©
E E
<) 9]
4 =z
0 L 04 = =
1 125 25 5 75 10 125 25 50 1 25 5 10 25 50 75 100 250 500 1000
DBeQ [uM] Bortezomib [nM]
b day 0 day 7 day 14 day 21 = ¢ 4h 24h 4h 24h 4h 24h
]
GADD34 @ W : & 2
] 100 ‘ s
CHOP sS4 ! £%
o 70 - gs
BIP g 5
[ 55 . .
ATF4 3 - s b @ ... B-tubulin
= . z
vep g 35 T2
c 25 £ =
P58IPK 8 2
G 39
TXNIP 3 5 2
s 15 5
TCF11 N8
2 o g 4 N
© - 0 - O & o & C
ECLEFE LSS o O & s F & ©
< PSS P S Q" & Q
& o{\“’ & oé‘" Q,o(” &
S S S
d
— 3~ *
£ deke
c
8 ke
< ,)
[=)
8 T
2
o 14
£
&
< 0- AR — q . A
Undifferentiated Control DBeQ Bortezomib Undifferentiated Control DBeQ Bortezomib
e f
5 104 mm DBeQ
0.20+ 2 94 Bortezomib
2 g
Q.
T 0.151 T 3 74
3 2 o
=Y 4
= 0.10- = 2
3 s 41
o o 34
S 0.054 s o
s 1 -
3 T=" ' E= ) R
0.00- 3 oledm r
Undifferentiated Control DBeQ Bortezomib RUNX2 ALPL BSP ON

Fig. 1. Mild proteostasis perturbations do not grossly affect the osteogenic differentiation of
hMSC.

a, Normalised viability of hMSC undergoing osteogenic differentiation treated on days 0, 7,
14, and 21 with the indicated concentrations of DBeQ or bortezomib for 48h (= 3). b,
Heatmaps showing relative mRNA expression levels (normalised to undifferentiated
controls) for GADD34, CHOR BIP, ATF4, VVCP, P58IPK, TXNIPand TCF11in
differentiating hMSC on days 0, 7, 14, and 21 after treatment for 24 h with DBeQ (5 uM),
bortezomib (20 nM), or tunicamycin (5 pg/mL). ¢, Immunoblotting for p-tubulin and
ubiquitinated proteins on whole cell extracts from undifferentiated hMSC untreated (control)
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or treated for 4 h or 24h with 5 uM DBeQ, 20 nM bortezomib, or 5 pg/mL tunicamycin. d,
Quantification and representative micrographs showing Alizarin Red S staining (Scale bar =
200um) and e, colorimetric calcium content quantitation of differentiated hMSC cultures. f,
relative mRNA expression levels for markers of osteogenic differentiation compared to
undifferentiated controls, which are set to 1 (dotted horizontal line). In a, d-f, plots show
mean + SEM and in b, heat maps show mean of log 2 fold changes in gene expression
(normalised to undifferentiated controls) for hMSC from 3 different donors. In d-f, a
Kruskal-Wallis non-parametric test followed by Dunn’s Multiple Comparison test was used
to detect statistical significance, *p < 0.05, **p < 0.01 and ***p < 0.001. For detailed 7and
p values see Supplementary Tables 1-4.
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Fig. 2. VCP/p97 inhibition alters mineralised nodule composition as determined by Raman
spectroscopy.

a, Mean Raman spectra collected from mineralised nodules formed in control, DBeQ- and
bortezomib-treated hMSC cultures. Difference spectra of DBeQ- and bortezomib-treated
cultures compared to controls are shown in the bottom of the panel. Spectra are offset on the
y-axis for clarity. b, Table showing the fraction of spectra in DBeQ- and bortezomib-treated
groups and the control that could be classified by sensitivity, specificity and classification
error using a cross-validated 6-component Partial Least Squares-Discriminant Analysis
model. ¢, Univariate analyses of the mean PO43" v, peak area at ~960 cm™L in control,
DBeQ- and bortezomib-treated cultures, d, mean PO43" v peak position, and e, 1660 cm™1
peak area. f, Mean mineral to matrix ratio in control, DBeQ- and bortezomib-treated
cultures. In c,-f, data are means + SD and a Kruskal-Wallis non-parametric test followed by
Dunn’s Multiple Comparison test was used to detect statistical significance. *p < 0.05, **p <
0.01 and ***p < 0.001. For detailed nand p values see Supplementary Table 5.
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Fig. 3. Proteasome and VCP/p97 inhibition have differing effects on mineralised nodules’
stiffness and adhesion interactions.

a, Schematic showing how mineralised nodules were probed by AFM in force-indentation
mode using a cantilever with a pyramidal tip. b, Typical force-indentation curve generated
from indenting a mineralised nodule. Schematic shows how nodule stiffness and adhesion
interactions were calculated from the retraction curve. ¢, Measurements of Young’s Modulus
(Pa) of mineralised nodules. Plots show medians, 15t and 3' quartiles and highest and lowest
values. d, Measurements of adhesion force, e, length of adhesion interactions and f, adhesion
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energy generated from force-indentation curves on control, DBeQ- and bortezomib-treated
cultures. Plots show medians. Histograms with their associated statistical analyses show how
the distributions of values differed between the groups. In c.-f. a non-parametric Kruskal-
Wallis test followed by Dunn's multiple comparison was used to determine statistical
significance. Significant differences in the distributions of adhesion values were evaluated
using a Mantel-Haenszel linear-by-linear association Chi-squared ( /1/2) test for trend. Power
was evaluated by determining Goodman and Kruskal’s gamma (y). *p < 0.05, **p < 0.01
and ***p < 0.001. For detailed 7and p values see Supplementary Table 6.

Biomaterials. Author manuscript; available in PMC 2018 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Loaiza et al. Page 26

control ~ Bortezomib

Bortezomib

P

Fig. 4. VCP/p97 inhibition impacts the ultra- and micro-structure of mineralised nodules.
Transmission electron microscopy (TEM) and density-dependent colour scanning electron

microscopy (DDC-SEM) micrographs of mineralised nodules formed from hMSC under
standard osteogenic conditions or treated with DBeQ or bortezomib. In TEM images,
proteinaceous fibrils are evident in the intercellular space in control and bortezomib-treated
cultures. In DBeQ-treated samples, the proteinaceous matrix between cells appeared
amorphous and clear fibrils were often not evident. Scale bar = 250 nm. In DDC-SEM
micrographs, images were coloured in post-processing by combining images from secondary
and backscatter electron detectors to identify dense mineral (red) and less dense matrix
(green). In control and bortezomib-treated groups, there appears to be an association
between the organic matrix and the mineral. In DBeQ-treated groups, dense mineral was
often detected without the associated presence of less-dense matrix. Images are
representative from experiments carried out on cultures grown from 3 independent donors.
Scale bar = 2 pm.
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