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Abstract

Previously, we showed that extracellular matrices (ECMSs), produced ex vivo by various types of
stromal cells, direct bone marrow mesenchymal stem cells (BM-MSCs) in a tissue-specific manner
and recapitulate physiologic changes characteristic of the aging microenvironment. In particular,
BM-MSCs obtained from elderly donors and cultured on ECM produced by young BM stromal
cells showed improved quantity, quality and osteogenic differentiation. In the present study, we
searched for matrix components that are required for a functional BM-MSC niche by comparing
ECMs produced by BM stromal cells from “young” (<25 y/o) versus “elderly” (=60 y/o) donors.
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With increasing donor age, ECM fibrillar organization and mechanical integrity deteriorated,
along with the ability to promote BM-MSC proliferation and responsiveness to growth factors.
Proteomic analyses revealed that the matricellular protein, Cyr61/CCN1, was present in young,
but undetectable in elderly, BM-ECM. To assess the role of Cyr61 in the BM-MSC niche, we

used genetic methods to down-regulate the incorporation of Cyr61 during production of young
ECM and up-regulate its incorporation in elderly ECM. The results showed that Cyr61-depleted
young ECM lost the ability to promote BM-MSC proliferation and growth factor responsiveness.
However, up-regulating the incorporation of Cyr61 during synthesis of elderly ECM restored

its ability to support BM-MSC responsiveness to osteogenic factors such as BMP-2 and IGF-1.
We next examined aging bone and compared bone mineral density and Cyr61 content of L4-L5
vertebral bodies in “young” (9-11 m/o) and “elderly” (21-33 m/o) mice. Our analyses showed that
low bone mineral density was associated with decreased amounts of Cyr61 in osseous tissue of
elderly versus young mice. Our results strongly demonstrate a novel role for ECM-bound Cyr61
in the BM-MSC niche, where it is responsible for retention of BM-MSC proliferation and growth
factor responsiveness, while depletion of Cyr61 from the BM niche contributes to an aging-related
dysregulation of BM-MSCs. Our results also suggest new potential therapeutic targets for treating
age-related bone loss by restoring specific ECM components to the stem cell niche.
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Introduction

The activity of mesenchymal stem cells (MSCs) /in vivois orchestrated by the local tissue-
specific microenvironment or niche, which not only regulates MSC self-renewal, preventing
mitotic exhaustion or neoplasia of these cell reservoirs, but also directs differentiation

for tissue repair and maintenance of homeostasis [1-3]. The MSC niche for each tissue
consists of a unique collection of extracellular matrix (ECM) proteins, organized as a
three-dimensional (3D) microenvironment, to provide the appropriate chemical, mechanical,
and physical cues, or “tissue-specific” instructions, for the resident cells. During aging,
MSCs lose their ability to self-renew and differentiate and contain increased numbers of
senescent cells, which negatively impact their ability to maintain tissue homeostasis [4-7].
A comprehensive understanding of the dynamic reciprocity between MSCs and their ECM,
as well as how alterations in ECM properties during aging impair MSC function, requires a
culture system that closely replicates the /n vivo MSC microenvironment.

Our group was the first to describe the preparation of a native 3D-ECM culture system
that faithfully reproduced the stem cell niche using bone marrow (BM)-derived stromal
cells from both mice and humans [8,9]. By use of this culture system, we were able

to demonstrate that the ECM promoted BM-MSC attachment, proliferation, and motility
(directional movement and reduced cell-to-cell contact) and retained the differentiation
capacity of the cells relative to ordinary (2D) tissue culture plastic (TCP) [10,11]. Further,
bone formation capacity of elderly murine BM-MSCs could be restored by culture on
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ECM synthesized by young stromal cells. In contrast, ECM synthesized by elderly stromal
cells failed to promote BM-MSC self-renewal and differentiation capacity (e.g. ability to
form bone) was remarkably diminished [12]. Taken together, the above observations firmly
established that tissue-specific ECM-based culture systems provide a method for identifying
and studying key ECM components that control BM-MSC fate [13,14].

In the present report, we used mass spectrometry to identify age-related changes in the
proteome of ECM produced by human BM stromal cells from “young” (<25-year old)
versus “elderly” (=60-year old) donors. The results showed that cysteine-rich angiogenic
inducer 61 (Cyr61) was abundant in young ECM but absent in elderly ECM.

Cyr61, also known as CCN1, is a member of the CCN (Cellular Communication Network)
family of matricellular proteins that coordinate signaling among ECM secreted proteins
and cell surface receptors [15-17]. Unlike structural ECM proteins, matricellular proteins
primarily play a local regulatory role and direct cell function/activity by binding to
membrane receptors and/or serving as cofactors in signal transduction pathways [17-19].
CCN proteins contain four binding domains which interact with growth factors such as
IGF-1 and members of the TGF-p superfamily (e.g. BMP-2) [19,20]. Cyr61 regulates an
array of cellular activities including: survival [21-24]; embryonic development [25-27],
wound healing [28-32], tumorigenesis [33-39], senescence [40,41], and stem/progenitor
cell-mediated tissue homeostasis (e.g. angiogenic, myogenic and osteogenic differentiation)
[42-50]. Recently, Zhao et al. employed a transgenic mouse model to show that bone-
specific knockout of Cyr61 resulted in the attenuation of osteoblast and osteocyte function
and reduced bone mass relative to the wild-type [51] While it has been demonstrated that
intracellular Cyr61 regulates the activity of stem/progenitor cells, its principal role as an
extracellular protein (i.e. as a signaling cue within the ECM) remains largely undefined. This
is due to the absence of an appropriate /in7 vitro model for studying the BM-MSC niche in
general and Cyr61 within the context of the ECM in particular.

Based on these observations, we hypothesized that loss of matrix-bound Cyr61 during aging
negatively impacts the BM-MSC niche and contributes to the loss of BM-MSC properties.
To test this hypothesis, we studied the behavior of BM-MSCs cultured on cell-derived
ECMs, modified by genetic methods to either down-regulate (knockdown) or up-regulate
the incorporation of Cyr61 protein in young ECM (YECM) and elderly ECM (eECM),
respectively.

BM-MSCs lose their stem cell properties when maintained on ECM produced by stromal
cells from elderly donors. yECM and eECM were prepared using BM-derived stromal cells
from young (<25 years old) and elderly (=60 years old) human donors. To compare the
capacity of the two ECMs to support proliferation, young BM-MSCs were cultured on TCP,
yECM or eECM for 5 days and the number of cells at the end of culture was determined
(Fig. 1A). Only culture on YECM significantly promoted cell proliferation relative to TCP,
while proliferation on eECM was significantly less than on yECM.
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To examine the effect of culture substrate on differentiation, BM-MSCs were seeded onto
TCP, yECM, or eECM and then cultured for 7 days in standard growth media. On day 7,
the standard growth media were changed to low serum-containing media for 24 h, followed
by adding either BMP-2 or rosiglitazone (Rgz) to the media for an additional 48 h to induce
osteoblastogenesis or adipogenesis, respectively.

BM-MSCs cultured on yECM displayed the most robust response to BMP-2 (200 ng/ml)
with a 1.9-fold increase in the expression of runt-related transcription factor 2 (Runx2,
an osteoblast-specific transcription factor) as compared to untreated controls (Fig. 1B).
In contrast, BM-MSCs cultured on eECM or TCP did not show any significant increase
in Runx2 expression with BMP-2 treatment. When expression of bone sialoprotein (BSP,
an osteoblast marker) was measured after growth factor treatment (Fig. 1C), BM-MSCs
cultured on yECM showed a 2.6-fold increase in response, which was similar to that
observed for Runx2. Cells on eECM demonstrated a lower level of response at 1.5-fold,
while those on TCP showed no significant response.

In parallel studies, cells cultured on the various substrates and treated with Rgz to induce
adipogenesis showed an opposite trend. The only significant fold-increase in peroxisome
proliferator-activated receptor gamma (PPARy, an adipocyte-specific transcription factor)
expression was found in BM-MSCs cultured on eECMs (1.4-fold) (Fig. 1D).

Young and elderly ECMs display substantial differences in architecture, mechanical
properties and protein compaosition

Atomic force microscopy (AFM) was used to characterize the architectural features of
yECM and eECM (Fig. 2A). yECM was found to contain thin fibrillar structures that were
more uniformly organized than those in eECM, which appeared thicker and irregularly
organized. yECM contained fibers that were highly aligned (60-120°), indicating a narrow
range of fiber orientations. In contrast, fibers in the eECM displayed a wider range of
orientations (5-180°) (Fig. 2B). Topographic mapping was used to compute mean surface
roughness (R,) which showed that the surface of yECM was rougher than that of eECM
(Fig. 2C). Stiffness of the ECMs was measured employing small angle oscillatory shear
(SAOS) rheology; the storage modulus of yECM was almost 3X greater than that of eEECM
(Fig. 2D).

Proteomic analysis showed that yECM and eECM (/N = 4 for each) shared a considerable
number of protein components, constituting about 73% (19 out of 26) of the proteins
found in yECM and approximately 43% (19 out of 44) of those identified in eECM

(Fig. 3A). Overall, the largest proportion of shared ECM components was dominated

by structural proteins, such as fibronectin, collagens (types I, 111, V, VI and XII) and

small proteoglycans (Fig. 3B). Although type I collagen was found in both ECMs, it was
about 2-fold higher in yECM than eECM. There were 25 proteins identified solely in the
eECM and the majority of these were glycoproteins and small proteoglycans (Fig. 3C).
Interestingly, several proteins identified solely in eECM are negative regulators of collagen
matrix deposition (e.g. CTHRC1, collagen triple helix repeat containing-1) or involved in
matrix degradation (e.g. MMP-2, matrix metalloproteinase-2). The number of unique protein
components in YECM was much smaller than that of eECM and included a single collagen
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(type XI) (Fig. 3D). Importantly, the two most abundant proteins identified exclusively in
yECM were CCN-family members: Cyr61 (CCN1) and CTGF (CCN2).

Production of Cyr61 and its incorporation into the ECM are decreased with aging

To validate the results of the proteomic analyses showing that Cyr61 was enriched in young-
versus elderly-ECM, protein extracts of BM stromal cells and decellularized matrices from
three young (<25y/0) and four elderly (>60y/0) donors were prepared for Western blot
analysis (Fig. 4). Immunoblots of young BM-MSCs contained strong immunoreactive bands
consistent with the molecular weight of Cyré1 (M, 42-53 kDa), while blots of elderly

cells showed little or no Cyr61 immunoreactivity (Fig. 4A). Mean Cyr61/GAPDH band
intensities further confirmed that young BM stromal cells produced significantly higher
amounts of Cyr61 than elderly cells (Fig. 4A, lower panel).

In parallel experiments, the abundance of matrix-bound Cyr61 in decellularized ECMs
was compared using Western blot analysis. Consistent with the results of the cell lysate
studies, all three immunoblots of the yECM protein lysates stained strongly for Cyr61, while
those of the eECM stained weakly or not at all (Fig. 4B). Relatively weak staining for
GAPDH suggested that contamination of the ECM lysates with cellular proteins was low.
Quantitation of mean Cyr61 Western blot band density showed a statistically significant
trend between intracellular expression of Cyr61 and its incorporation in the ECM by young
and elderly BM stromal cells (Fig. 4B, lower panel). To further confirm the Western blot
data, immunofluorescence microscopy of the ECMs was also performed (Fig. 4C). The
results identified strong staining for Cyr61 in histologic sections of the young, but not
elderly, ECMs. Taken together, these immunoblot and immunofluorescence studies, along
with the proteomic profiling, indicate that matricellular Cyr61 is depleted in the eECM due
to reduced production of Cyr61 by cells from the elderly donors.

Addition of exogenous Cyr61 is not as effective as yECM in promoting BM-MSC
proliferation and BMP-2 responsiveness

To determine if exogenous Cyr61 promoted BM-MSC proliferation, cells were cultured

on TCP and treated with varying concentrations of recombinant human(rh) Cyr61 (0 to

300 pg/mL). After 7 days in culture, proliferation was significantly increased at Cyr61
concentrations of 100 pg/mL and higher, achieving a plateau between 100 and 300 pg/mL,
but failed to reach the level observed on yECM alone (Fig. 5A). To determine whether
exogenous rhCyr61 was able to promote BMP-2 responsiveness of the BM-MSCs, cells
were cultured on yECM alone or on TCP or eECM in the absence or presence of 100

pg/mL rhCyr61. After 7 days in culture, the growth media were replaced with low serum-
containing media (2% FBS) for 24 h and then treated with BMP-2 for 48 h. Based on Runx2
expression, BMP-2 responsiveness was not restored by addition of exogenous rhCyr61 to the
cultures on TCP and eECM and only BM-MSCs maintained on yECM responded to BMP-2
treatment by upregulating Runx2 expression (Fig. 5B).

To determine if exogenous rhCyr61 is capable of either adhering or being incorporated
into the ECM and altering matrix function, eECM was incubated with varying doses of
rhCyr61. After 12 h of incubation at 37 °C, the content of Cyr61 protein in the matrix
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was assayed by Western blot, using Cyr61 content in yECM as a reference (Fig. 5C). As
indicated previously, yECM contained significantly more Cyr61 than eECM. In addition,
soluble rhCyr61 protein, incubated directly with the matrices, did not become incorporated
into the matrix.

Incorporation of Cyr61 into the ECM can be down- or up-regulated by genetic modification
during matrix synthesis

To better understand the sequence of events that result in Cyr61 incorporation into the

ECM, dynamic changes in Cyr61 gene expression were measured at three timepoints during
ECM synthesis. The first time point (-1 day, pre-ECM induction), reflects the level of gene
expression as the cells reach confluence and prior to the addition of ascorbic acid to induce
ECM synthesis. The second time point (+1 day, post-ECM induction), reflects the level of
gene expression after one full day of producing the ECM. The final time point (+3 days,
cessation of ECM synthesis and harvest), reflects the level of gene expression three days
after inducing ECM synthesis (Fig. 6A). At all times during the study, Cyr61 expression
was always higher in untreated young versus elderly BM stromal cells. To downregulate

(i.e. knockdown) the expression of Cyr61 in young BM stromal cells, cultures were treated
with Cyr61 siRNA (siRNACSY™®1) or scrambled siRNA (siRNAS) as a negative control.
Conversely, to upregulate the expression of Cyr61 in elderly BM stromal cells, cultures were
infected with an adenoviral vector carrying the Cyr61 (AdVCY™®1) gene or a null vector
(AdVNUIly as a negative control. When these approaches were employed, treatment with
SIRNACY®L reduced Cyr61 transcription in young cells to levels even lower than those of
the control (untreated) elderly BM stromal cells. In contrast, infection of elderly BM stromal
cells with the AdVCY™8 successfully increased Cyr61 expression, immediately preceding
and following induction, to levels higher than those of young cells before reaching an
equivalent expression level at the time of ECM harvest (Fig. 6A).

To confirm that changes in Cyr61 gene expression resulted in altered incorporation of Cyr61
protein in the matrix, we prepared protein lysates of decellularized young- and elderly
ECMs (naive or after treatment with SIRNACY™®1 or AdVCY™81) for Western blot analysis
(Fig. 6B). Young BM stromal cells from three young donors were treated with sSiRNACYr61
during matrix production. In each of the cultures, treatment with siRNA significantly
reduced the incorporation of Cyr61 into the matrix compared to naive yYECM produced by
untreated cells from the same donor. In contrast, elderly BM stromal cells from five donors
that had been infected with AdVCY™81 showed a significant increase in the incorporation of
Cyr61 into the matrix as compared to naive eECM made by cells from the same donor.

Finally, the presence of Cyr61 in the modified ECMs was further confirmed by
immunofluorescent staining (Fig. 6C). Treatment of young BM stromal cells with
SIRNACY™®1 during ECM production reduced the staining intensity of Cyr61 as compared to
naive young cells. In contrast, the intensity of Cyr61 staining in ECM produced by elderly
BM stromal cells treated with AdVCY61 was increased compared to naive elderly cells (Fig.
6C). Taken together, these results show that genetic approaches can be successfully applied
to modify the incorporation of Cyr61 during synthesis of both young and elderly ECMs.
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Matricellular Cyr61 is essential for retaining BM-MSC proliferation and growth factor
responsiveness

To determine the relative importance of Cyr61 content in the matrix to BM-MSC
proliferation, cells were seeded at 4000 cells/cm? and cultured for 5 or 7 days on TCP,

naive (yECM, eECM) or Cyr61-modified (yYECM61, eECM*61) matrices (Fig. 7A). On
days 5 and 7, cell density on yECM was significantly higher than on TCP, while cell density
on eECM was significantly lower. Moreover, cell density on yECM~%1 was significantly
lower than yECM on both days. In contrast, eEECM*61 consistently showed higher cell
density relative to eECM. The results clearly suggest that the ablation of Cyr61 in yECM
significantly reduced proliferation, while restoration of Cyr61 (i.e. eEECM*61) significantly
improved the capacity of eECM to support BM-MSC proliferation.

Cyr61 contains binding motifs for a variety of paracrine growth factors, including the TGF-p
superfamily (e.g. BMP-2) and IGF-1. To assess the role of ECM-bound Cyr61 in directing
the responsiveness of BM-MSCs to BMP-2, cells were cultured on TCP and naive and
Cyr61-modified matrices for 7 days, treated with BMP-2, and expression of Runx2 and BSP
measured by RT-PCR. BM-MSCs cultured on yECM and treated with BMP-2 displayed a
significant increase in the expression of Runx2 (2.1-fold) (Fig. 7B) and BSP (1.7-fold) (Fig.
7C), while cells cultured on TCP, eECM and yECM~51 did not show any significant change
in expression. However, BM-MSCs cultured on eECM*5! treated with BMP-2 showed a
significant upregulation of Runx2 (1.8-fold) and BSP (2.1-fold) expression.

The ability of the different matrices to promote BM-MSC responsiveness to IGF-1 was also
assessed based on activation of the Akt pathway (Fig. 8). BM-MSCs cultured on yECM

and treated with IGF-1 showed a significantly higher pAkt/Akt ratio than cells on eECM

or TCP (Fig. 8A). In the next set of experiments, young BM-MSCs were cultured on

naive (yECM, eECM) and Cyr61-modified matrices (yECM~61 and eECM*61), followed

by treatment with IGF-1 and preparation of cell lysates and Western blotting (Fig. 8B). In
these experiments, cells cultured on yECM~51 displayed a significant reduction in sensitivity
to IGF stimulation, as compared to cells cultured on yECM. In contrast, cells cultured on
eECM*51 showed a significant increase in Akt activation (pAkt/Akt) in response to IGF-1,
as compared to the cells cultured on eECM.

Both vertebral Cyr61 content and bone mineral density (BMD) decrease with aging in mice

To identify changes in Cyr61 content in skeletal tissue during aging, we first confirmed
the normal changes that occur in trabecular bone structure and density in the L4-L5
vertebrae of young (V=18 C57BL/6 J, 9 males and 9 females, 3-11 m/o) and elderly
(N=7 C57BL/6 J, 2 males and 5 females, 21-33 m/0) mice with uCT. Indeed, the results
showed that trabecular bone (L4-5) architecture of young mice was more extensive than
that of elderly mice (Fig. 9A). Further, average BMD of the young mice was significantly
higher than that of the elderly mice (Fig. 9B). To assess changes in Cyr61 content in
these tissues, we harvested and decellularized L4-L5 vertebrae from three young (<4 mo)
and four elderly (>21 mo) mice (Fig. 9C, Top). Western blot analysis showed that the
abundance of Cyr61 in vertebral bone declined with aging. To ensure that bone samples
were completely decellularized and that the observed Cyr61 content was not contributed by
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resident cells, GAPDH staining was performed. The results showed no detectable GAPDH
in the decellularized bone extracts (Fig. 9C, Bottom). Histomorphometry of the mouse
vertebrae revealed a substantial reduction in trabecular structure and thickness in old bone
relative to young (Fig. 9D, Top). Importantly, Cyr61 immunohistochemical staining (red)
was intense throughout the BM stroma of young vertebrae and bone lining cells (Fig. 9D,
Bottom). In contrast, staining in the old vertebrae was notably reduced and nearly absent
along the bone interface. These results suggest that the reduction in Cyr61 content in bone
matrix with aging may play a role in the loss of vertebral BMD.

Discussion

Previously, we showed that the ECM plays a tissue-specific role in controlling the behavior
of BM-MSCs. In addition, our data also indicated that culture on ECM, produced by
BM-stromal cells from young donors, improved the quantity and quality of aging BM-MSCs
[12,14]. In the present study, we investigated the cues contained within the ECM that are
critical for retention of the properties of the BM-MSC niche by preparing ECMs produced
by BM stromal cells harvested from “young” versus “elderly” donors. When we compared
the phenotype of these young and elderly cells, we failed to detect any differences in MSC
surface marker expression (CD73, CD90, and CD105). However, we have previously shown
that elderly MSCs are generally less proliferative, display reduced differentiation potential,
and produce substantially higher amounts of intracellular reactive oxygen species (ROS) and
B-galactosidase, lower levels of ATP, and express decreased amounts of SSEA-4 [14].

In the current study, we compared young BM-MSCs cultured on yECM and eECM and
observed that both proliferation and response to BMP-2 and IGF-1 were significantly
reduced with culture on the elderly matrices. (Fig. 1A—C). These changes to the BM niche
support prior observations that there is an age-related reduction in BM-MSC responsiveness
to BMP-2 [52,53] and explain why supraphysiological concentrations of BMP-2 are required
to repair bone defects in the elderly [54,55].

To test if differences between y- and e-ECMs altered the fate of BM-MSC differentiation,
we treated cells with rosiglitazone (Rgz) and observed that adipogenesis was increased

in BM-MSCs maintained on eECM (Fig. 1D). These results correspond to previous, in
Vvivo observations, demonstrating an aging-associated decline in BM-MSC number, reduced
osteogenesis, and increased adipogenesis [4—7]. Moreover, these findings suggest that
ECMs produced by young and elderly BM stromal cells may faithfully reproduce certain
physiological attributes of the young and aging BM niche, respectively [56-58].

To identify specific components of yECM versus eECM that might account for their
different properties, we comprehensively compared their protein compositions by proteomic
analysis (Fig. 3). Although over 70% of the individual protein components were shared

by both yECM and eECM, their relative proportions varied over a 4- to 5-fold range

(Fig. 3A,B). For example, collagens | and VI were present in both ECMs, but the former
predominated in yECM, while the latter was more abundant in eECM. Collagen | is a major
component of the BM niche and has been shown to promote osteogenic differentiation

of BM-MSCs and support matrix mineralization via a3 integrin-mediated activation of
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the ERK pathway [59-61], while collagen VI has been found to play a key role in a

variety of cytoprotective functions, including inhibition of apoptosis, mitigation of oxidative
stress, and regulation of cellular autophagy [62] We found that eECM was enriched in
proteoglycans relative to yECM (Fig. 3B), including perlecan (HSPG2), fibulin-2 (FBLN2)
and lumican (LUM) (Fig. 3B-C), which are involved in organizing and reinforcing the
microfilament assembly of collagen V1. Depletion of collagen I, in concert with an
upregulation in collagen VI and associated proteoglycans and glycoproteins, provides
additional evidence that remodeling of the collagenous matrix is one of the major events
that occurs in the BM niche with aging [63,64] These alterations in the BM-MSC matrisome
likely contribute to the distinct differences in architecture and mechanical properties
displayed by young and elderly ECMs (Fig. 2).

However, the two most abundant proteins identified exclusively in yfECM were CCN-family
members Cyr61 (CCN1) and CTGF (CCN2) (Fig. 3D). While both have been shown to play
an important role in skeletal development, we limited the scope of this study to CCN1 due

to its abundance in yECM, its association with osteogenic differentiation in BM-MSCs, and
the gap in knowledge regarding the regulatory role of intracellular versus ECM-bound Cyr61
[43,44,65].

In contrast to ECM structural proteins (e.g., collagens), Cyr61 is a matricellular protein

that primarily plays a local regulatory role, directing cell function by binding membrane
receptors and/or serving as a cofactor in signal transduction [15,16,18]. In osteoblast-like
cells, Cyr61 binds integrin a.,f3 to promote cell proliferation, differentiation, and BMP-2
expression [66], while binding to integrin agP1 triggers apoptotic and senescence pathways
[25]. Cyr61 contributes to bone anabolism and is a direct target of the Wnt pathway

and Wnt-mediated osteoblast differentiation, which is inhibited by Cyr61-knockdown [43].
While a precise mechanism for the role of ECM-bound Cyr61 in osteogenesis remains

to be fully elucidated, converging sources point to its critical role in maintaining skeletal
homeostasis. Mice with a gain-of-function mutation in the Wnt co-receptor, LRP5, exhibit a
high bone mass phenotype and show significant upregulation of Cyr61 gene expression [67].
Exogenous Cyr61 has also been shown to promote fracture healing in rabbits, while SIRNA
inhibits bone regeneration in a murine model [48,68]. Moreover, the absence of Cyr61 is
associated with defects in bone development and skeletal homeostasis [51]. While these
studies demonstrate the importance of intracellular Cyr61 in regulating bone maintenance,
none has specifically addressed the role of ECM-bound Cyr61 in regulating osteogenesis. In
the present study, we hypothesized that ECM-bound Cyr61 is an important component of
the BM niche (or microenvironment) that plays an essential role in maintaining the resident
stem cells and their properties.

Our results show that young BM-MSCs produce higher levels of Cyr61 than elderly
BM-MSCs (Fig. 4A) and that these differences were reflected in the abundance of Cyr61
incorporated into the young and elderly ECMs (Fig. 4B and C). To determine if exogenous
Cyr61 was capable of reversing the age-related dysfunction of eECM, we added varying
amounts of rhCyr61 to cultures of BM-MSCs on TCP or eECM and assessed proliferation
and growth factor responsiveness (Fig. 5A). Although addition of rhCyr61 modestly
increased proliferation, none of the doses tested stimulated the cultures to attain a cell
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density equivalent to that observed on yECM. Similarly, for the BMP-2 responsiveness
assays, the addition of exogenous rhCyr61 to cultures of cells on TCP and eECM was less
effective than observed on yECM (Fig. 5B). Subsequently, we showed that the addition of
exogenous protein to Cyr61-deficient eECMs failed to incorporate into the matrix (Fig. 5C),
indicating that for Cyr61 to be a functional component of the BM-MSC niche, it must be
incorporated into the matrix by the cells during ECM synthesis.

To precisely demonstrate a role for Cyr61 in the BM-MSC niche, we successfully modified
the amount of Cyr61 incorporated into the ECM by down-regulation of young cells with
siRNA or up-regulation of elderly cells with an adenoviral vector carrying the Cyr61

gene, respectively (Fig. 6). Functionality of the modified ECMs was initially assessed by
measuring BM-MSC proliferation after 5 and 7 days in culture (Fig. 7A). After both times
in culture, BM-MSC proliferation on yECM~61 was significantly lower than on yECM and
equivalent to that found on eECM at day 5. Conversely, proliferation on eECM*61 was
consistently higher than on eECM. These results suggested that the decrease in BM-MSC
proliferation seen with maintenance on eECM could be partially restored by culture on
ECM produced by elderly BM stromal cells infected with the Cyr61 gene prior to ECM
synthesis. However, full recovery of eECM functionality, with the ability to support cell
proliferation equivalent to that of yECM, likely requires restoration of additional cues

(i.e. protein composition and architectural and mechanical properties) that remain to be
identified.

Since Cyr61 contains binding domains for both BMP and IGF, it is possible that Cyr61

in the BM-MSC niche is responsible for binding these growth factors and mediating
interactions with their respective receptors [20,69]. With this in mind, we tested whether
BM-MSCs cultured on genetically modified ECMs, with up- or down-regulated Cyr61
incorporation, were capable of altering responsiveness to these two growth factors. Indeed,
we observed a statistically significant up-regulation of the master osteogenic transcription
factor, Runx2, and a mature osteoblast marker, BSP, only on yECM and eECM*61 (Fig.
7B and C). Moreover, cells cultured on yECM =61 and eECM were equally unresponsive
to BMP-2, indicating that ECM-bound Cyr61 directs BM-MSC responsiveness to these
osteogenic growth factors. It has been suggested that Cyr61 may bind BMPs via its vWC
domain [69]. In the stem cell niche, this interaction may transiently concentrate BMPs
around cells or directly facilitate binding to BMP receptors.

Similarly, the response of BM-MSCs to IGF-1 was greater on yECM than on TCP or

eECM (Fig. 8A). While cells on yECM %1 displayed impaired Akt activation (i.e. pAkt)
relative to those on YECM, restoration of Cyr61 to eECM (i.e. eEECM*61) appeared to
substantially improve the capacity of the cells to respond to IGF-1 (Fig. 8B). As with
BMP-2 responsiveness, the data suggest that matrix-bound Cyr61 may play an important
role in the ECM by coordinating growth factor activity and/or presentation to the receptor.
While the IGFBP domain of Cyr61 has not been conclusively determined to bind IGF-1, it
is possible that it mediates receptor-binding through interactions with IGF-1 [70,71]. Taken
together, the results suggest that ECM-specific alterations in the aging stem cell niche likely
attenuate the sensitivity of BM-MSCs to these critical growth factors.
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To determine whether decreased amounts of Cyr61 are found in aging ECM /n vivo, we
compared L4-L5 vertebral bodies from “young” (9—-11 m/o) and “elderly” (21-33 m/o) mice
and found that tissues with lower BMDs also exhibited a relative deficiency of Cyr61 in the
vertebral bone matrix (Fig. 9C and D). Vertebral bodies were selected for the assessment of
bone mineral density, architecture and Cyr61 content because they are mainly comprised of
dense cancellous bone that changes considerably during growth [72].

Based on these observations, we propose a model which explains how matricellular Cyr61
retains the properties of the BM-MSC niche in bone (Fig. 10). When Cyr61 is produced

by cells, a fraction of the total protein exists within the cytosol, where it is involved

in signaling (e.g. Wnt pathway) [43]. However, another fraction is also secreted into the
extracellular microenvironment [19]. This secreted form of Cyr61, which we have defined
as matrix-bound Cyr61, participates in a number of different roles in the ECM. First, it
assists in organizing the fibrillar architecture of the matrix and maintaining its mechanical
properties. To accomplish this, binding motifs in the TSR and CT domains interact with
structural proteins in the matrix, such as fibronectin, vitronectin, collagens, small leucine-
rich proteoglycans (e.g. decorin and biglycan), and heparan sulfate proteoglycans (e.g.
perlecan and syndecan) [16-19]. Second, although Cyr61 lacks an RGD-binding sequence,
its YWWR, TSR and CT domains contain diverse binding motifs, which engage with a

variety of integrins (i.e. a3, ayB3) and receptors (e.g. LRP1), and participate in cellular
mechanotransduction and the regulation of diverse cellular functions [20]. Third, Cyr61
may act as a “signal amplifier” and assist in targeting growth factors to cells. The vWC
subunit contains binding elements for the TGFB superfamily, while the IGFBP subunit
interacts with IGFs [20]. In our studies, cells cultured on Cyr61-containing ECMs display
increased responsiveness to both BMP-2 and IGF-1 which may be due to Cyr61 acting as a
co-receptor and/or autocrine or paracrine reservoir. Aging processes decrease the expression
of Cyr61 which may be associated with changes in the expression of Yes-associated protein
(YYAP), one of the chief transcriptional regulators of cellular mechanotransduction and a

key co-activator of the Hippo growth-regulatory pathway [72]. In its phosphorylated form,
p-YAP is sequestered in the cytoplasm and transcriptionally inactive. However, when de-
phosphorylated, “active” YAP is translocated into the nucleus, where it interacts with a
number of transcription factors to activate the expression of growth-related genes, including
Cyr61. Recently, nuclear translocation of YAP has been shown to progressively decline with
age [47,73], suggesting a possible mechanism responsible for the reduced incorporation of
Cyr61 into eECM by elderly BM-MSCs. In addition, the expression of Runx2 and Osterix,
which may regulate Cyr61 super enhancers, has been shown to decline with age in C57BL/6
mice [74].

Both /n vitro[77,78] and /n vivo [79,80] models have demonstrated that combined treatment
with BMP-2 and IGF-1 synergistically promotes osteoblast differentiation. In fact, recent
bone implant studies have suggested that it may be possible to reduce the dose of BMP-2
required to obtain bone healing when co-administered with IGF-1 [81]. In aging bone, the
gradual depletion of Cyr61 in the microenvironment may reduce the ability of resident
MSCs to respond to BMP-2 and IGF-1, promoting bone degeneration, reduced osteogenesis,
and osteopenia [75,76]. Our results suggest a new paradigm for addressing the deleterious
effects of aging on the bone microenvironment by treating age-related bone loss through
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the restoration of key ECM components, such as Cyr61, using drug delivery vehicles (e.g.
scaffolds or nanoparticles) and/or gene therapies. This approach, when properly targeted,
has the potential to restore the stem cell niche and promote /n situtissue regeneration by
mobilizing the endogenous stem/progenitor cells to restore tissue homeostasis which has
been perturbed by aging or degenerative disease.

Materials and methods

Preparation of BM-MSCs

Human BM aspirate from healthy young donors (<25 years old) was purchased from Lonza
Group Ltd. (Walkersville, MD, USA; see: https://www.lonza.com for IRB information) and
young BM-MSCs harvested in our lab as described previously [82,83]. Briefly, fresh BM
extracts, containing primary BM-MSCs, were seeded into standard, tissue culture plastic
(TCP) vessels (Millipore-Sigma, St. Louis, MO) at 5 x 10° cells/cm?. Cells were cultured

in “growth media” consisting of a-MEM (Life Technologies, Grand Island, NY) containing
glutamine (2 mM), penicillin/streptomycin, and 15% fetal bovine serum (FBS) (Atlanta
Biologicals, Lawrenceville, GA). Half-volume changes of growth media were performed
every 3—4 days until 70-80% confluence was achieved (2-3 weeks). During culture, non-
adherent cells were removed by phosphate buffered saline (PBS) washing and adherent cells
(passage 1; P1 cells) collected by trypsinization. The BM-MSC phenotype was confirmed
by expression (>90%) of CD73, CD90, and CD105 and negative selection for CD34, CD45
and HLA-DR.[84]. Cells were either used immediately in the experiments or frozen in liquid
nitrogen (LN,) for later use.

Elderly BM was procured, as described previously [14], from male and female patients

(<60 years old) undergoing total knee or hip arthroplasty, after providing informed consent
(Protocol approval was obtained from the UTHSCSA IRB) and processed. Samples of
cancellous bone from the surgical site (typically discarded) were collected in isolation buffer
(Hank’s Buffered Saline Solution +5% (v/v) fetal bovine serum) and maintained at 4 °C.
Within 3-4 h, the bone samples were trimmed and diced into small pieces, and then digested
with collagenase (type 2; 400 units/ml) for 30 min at 37 °C. This digest was centrifuged
(600 x g) for 5 min at 4 °C. The resulting pellet was re-suspended in isolation buffer and
then washed three times with cold PBS before filtering to remove any remaining bone
fragments with a 100 um pore-size cell strainer. Next, this filtrate was centrifuged (600 x

g, 5 min) to collect BM mononuclear cells and the pellet resuspended in growth media.

The resulting cells were seeded (5 x 10° cells/cm?) into TCP flasks and cultured in growth
media (see above) until colonies formed. Once colonies appeared, full media were removed,
nonadherent cells washed away, and fresh media added. These cells were expanded (P1/P2),
immunophenotyped for MSC marker expression as above, and used immediately or frozen
in LNo.

Preparation of cell-free BM yECM and eECM

Young and elderly ECMs (YECM, eECM) were prepared using BM stromal cells, as
described previously [8,82,83], and stored dry. Briefly, BM stromal cells, isolated as
described above, were seeded in 6-well tissue culture plates at 6 x 103 cells/cm? and
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cultured in “growth media” for 15 days, with media changes every 3-4 days. On day 8 of
culture, ascorbic acid (50 uM) (Millipore-Sigma) was added to the media. On day 15, the
ECMs were washed with PBS, followed by decellularization with 0.5% Triton X-100 and
20 mM NH4OH in PBS, by incubation for 5 min at 37 °C. The decellularized ECM was
rinsed 3 times with PBS, followed by sterile distilled water and then allowed to dry at room
temperature before storing at 4 °C. Immediately before use, the ECMs were re-hydrated
with PBS for 1 h at 37 °C. To ensure the reproducibility of ECMs produced by cells

from a particular donor and minimize both intra- and inter-batch variation, quality control
measures described in our previous studies were employed [82,83]. These included the
use of standardized seeding densities, consistent culture durations for ECM production,
and well-established decellularization protocols. These measures have been used in our
laboratory for over 10 years for the production of reproducible, cell-elaborated culture
substrates, while preserving the natural variation due to differences in the donors and their
physiological states (i.e. aging).

Analysis of cell behavior on ECMs

Young BM-MSCs were used in all experiments evaluating cell behavior on yECM, eECM,
or their modified derivatives, yECM =1 and eECM™*6L, Cells were sourced from a young
donor (<25 years old) and frozen in aliquots for future use at passage 3 (P3). For use in the
experiments, the cells were thawed and expanded from this stock of cells.

Analysis of cell proliferation

Young BM-MSCs were seeded at 2.5 x 103 cells/cm? on yECM, eECM or TCP and cultured
for 5 days in growth media. At harvest, cells were detached from TCP surfaces with trypsin
and detached from ECMs with collagenase. Cells were stained with trypan blue and counted
using a hemocytometer.

Assessment of BM-MSC-responsiveness to treatment with osteogenic (rhBMP-2) and
adipogenic (Rgz) inducers
Response of young BM-MSCs to treatment with rhBMP-2 (200 ng/mL) and Rgz (1.9
ug/mL) was assessed as previously described using RT-PCR and primers for markers of
osteogenesis and adipogenesis [82].

Quantification of gene expression

Cells were rinsed with cold PBS and total RNA isolated using the Trizol reagent (Life
Technologies, Carlshad, CA, USA). cDNA was reverse-transcribed from the extracted

RNA (2 ug) using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster

City, CA, USA). Transcripts of interest and GAPDH were amplified from the cDNA by
real-time PCR using TagMan Universal PCR Master Mix and Assay-on-Demand or Assay-
by-Design primer/probe sets (Applied Biosystems). The following primers were used in

this study: Runx2 (Hs00231692_m1), BSP (Hs00173720_m1), PPARy (Hs00234592_m1),
Cyr61 (Hs00155479_m1) and GAPDH (Hs02758991 g1). Amplification and detection were
carried out with an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems). Gene
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expression was quantified by subtracting the GAPDH threshold cycle (Ct) value from the Ct
value of the gene of interest, expressed as 27ACt as per the manufacturer’s protocol.

Surface characterization of ECMs

Surface mapping of yECM and eECM was performed using a Veeco MultiMode atomic
force microscope (AFM) (Bruker, Santa Barbara, CA, USA) in tapping mode, on
non-hydrated ECMs. Fiber orientation was quantified in ImageJ using the OrientationJ
directional analysis plug-in (EPFL, Switzerland) as described [83]. ImageJ outputs a
frequency of tangents to fibers in 180 bins. Each image was rotated such that the mode
was 90°, and the MATLAB distribution toolbox was used to determine the parameters of a
normal distribution that would describe the probability distribution with 95% confidence.

Mean average roughness (Ra) of the surfaces was computed using NanoScope software
(Bruker, Santa Barbara, CA, USA). Three replicates of each surface were evaluated, and 15
randomly selected areas were measured in each. Surface roughness data represents the mean
+ 95% confidence interval of 15 randomly-selected areas from each substrate.

Mechanical characterization of ECMs

The mechanical properties of rehydrated yECM and eECM were measured using an MCR
302 Rheometer (Anton Paar, Austria) with a 25 mm diameter parallel-plate at 37 °C, as
previously described [83]. Data points represent the mean + 95% confidence interval of V=
4 ECMs.

Compositional analysis of ECM using mass spectrometry

Mass spectrometric (MS) analysis of the ECMs was performed as previously described
[85,86]. ECM proteins were isolated by physical agitation, followed by sonication in

PBS. The ECM pellet was treated with Protein Extraction Reagent Type 4 (Millipore-
Sigma), dried and reconstituted in Ready Prep 2-D Rehydration Sample Buffer (Bio-Rad
Laboratories, Hercules, CA, USA). Freeze-thaw cycling and sequential centrifugation
produced two supernatants, with the intermediate pellet dissolved in 100 uL. DMSO. The
two supernatants were each adjusted to 8 M urea and then combined. A 200 pL aliquot of
the resulting sample was then vortexed with 1 mL acetone and stored overnight at 4 °C. The
acetone supernatant was removed by re-centrifugation, and the pellet was air-dried at room
temperature. Dried samples were reconstituted in 50 pL 2x SDS buffer and boiled at 100 °C
for 5 min before loading onto an SDS-PAGE gel.

Protein separation was performed using onedimensional SDS-PAGE and Coomassie blue
staining. Proteins were released from discrete serial sections of each lane of the gel by in
situtrypsin digestion. Digests were analyzed using capillary HPLC-electrospray ionization
tandem mass spectrometry (HPLC-ESI-MS/MS) on a Thermo Fisher LTQ fitted with a New
Objective PicoView 550 nanospray interface. On-line HPLC separation of the digests was
accomplished with an Eksigent NanoL.C micro HPLC. A mass spectral scan strategy was
used in which a survey scan was acquired followed by data-dependent collision-induced
dissociation (CID) spectra of the seven most intense ions in the survey scan. Mascot (Matrix
Science) was used to search the mass spectra against the SwissProt database. Methionine
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oxidation was considered as a variable modification. Cross correlation of the Mascot

results with X! Tandem and determination of protein and peptide identity probabilities

were accomplished by Scaffold (Proteome Software). Protein identifications were accepted
using the following criteria: minimum of 2 peptides; peptide probability, < 95%; protein
probability, < 99%. Protein components identified in the ECMs were ontologically classified
with the Enrichr gene analysis tool (https://maayanlab.cloud/Enrichr/) using the Jensen
TISSUES, tissue-specific gene expression database (https://tissues.jensenlab.org/).

Western blot analysis of cell, ECM and bone tissue protein extracts

For cell protein extracts, cells were washed with cold PBS and lysed with RIPA

buffer supplemented with protease inhibitor cocktail (cOmplete™, Roche, Switzerland),
reconstituted in 1 mM EDTA. Dishes were agitated for 30 min at 4 °C and the cell lysates
collected. Cyr61 band densitometry was quantitated relative to GAPDH.

Extraction of ECM proteins was performed using a modification of the method reported

by Zhang et al. [23]. Briefly, decellularized ECMs were washed twice with PBS and the
matrix harvested by scraping in the presence of 100 pL extraction buffer consisting of 0.5 M
Tris—HCI (pH 6.8), 10 M urea, 10% SDS, 1 M DTT, and protease inhibitors. Protein extracts
were homogenized on ice with a probe sonicator (D100, Fisher Scientific, Waltham, MA,
USA) at 5 Watts output for 15 s. Samples were boiled at 100 °C for 10 min, immediately
placed on ice, and then centrifuged at 12000x g for 5 min. The supernatants were stored at
-80 °C.

To extract protein from lumbar vertebrae, young and elderly mice were euthanized and

the lumbar vertebrae (L4-5) removed, cleaned of soft tissue, and frozen in LN2. Frozen
vertebrae were homogenized with a grinder, decellularized with sterile distilled water, and
then spun down to remove soluble material (i.e. supernatant). Pellets were re-suspended

in lysis buffer (5 mM Tris, EDTA/EGTA, 1% SDS and proteinase inhibitors). The protein
fractions were then heated at 100°C for 10 min, placed on ice, followed by centrifugation at
12000x g for 15 min at 4 °C. The supernatants were stored at —80°C until they were assayed
for Cyr61 by WB.

Protein extracts (20 ug) were resolved on mini-format bis/polyacrylamide gels (Bio-Rad
Laboratories) for 5 min at 50 V, before increasing to 100 V for 1 h. Protein gels were placed
in 1x transfer buffer for 15 min and proteins transferred onto 0.2 ym PVDF membranes

at 100 V for 1 h (Bio-Rad Laboratories). Membranes were placed in 4% milk blocking
solution for 1 h, then probed overnight at 4 °C with the following primary antibodies

(Cell Signaling Technology, Rabbit): Cyr61 (mAb #14,479); GAPDH (mAb #97,166); Akt
(mAb #9272); Akt Phospho-Akt Serd73 (mAb #9271). Optical density of band staining was
quantified using FIJI image analysis software. For both ECM and tissue-derived protein
extracts, GAPDH bands were shown to indicate successful decellularization and not used for
reporting Cyr61 band density.

Immunofluorescent (IF) staining of ECMs

ECMs were rehydrated and then treated with DNase (100 units/mL; Millipore-Sigma) as
described [83]. After removal of the enzyme and a brief rinse in PBS, the ECMs were
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fixed with 4% paraformaldehyde/PBS, washed with PBS, and then stored in PBS until
staining [83]. For IF staining, ECMs were first treated with blocking solution (Bloxall,
Vector Laboratories, Inc., Burlingame, CA) and then incubated for 1 h at 4 °C with

primary antibody specific for human Cyr61 (1:450 dilution; polyclonal rabbit IgG; Santa
Cruz Biotechnology, Dallas, TX). Non-specific rabbit IgG (Millipore-Sigma) was employed
as a negative control (1:200). Unbound primary antibody was removed by washing with
cold (4 °C) PBS. After washing, the ECMs were incubated with blocking solution again

for 10 min at room temperature. Secondary antibody (1:200; FITC-conjugated goat anti-
rabbit 1gG, Millipore-Sigma) was then added and the incubation continued for 1 h at

4 °C. Florescence microscopy was performed at 10x magnification using an Olympus

IX73 inverted microscope. Quantification of immunofluorescent staining was performed

by assessing optical density of 15 randomly-selected areas from three replicates. Optical
density of stained pixels was computed by mean gray value in FIJI image analysis software.

Assessment of exogenous rhCyr61 on BM-MSC proliferation

Young BM-MSCs were seeded (2.5 x 103 cells/cm?) on TCP and yECM and cultured

for 5 days. Cells on yECM were cultured in growth media, while cells on TCP were
cultured in growth media supplemented with 0 to 300 pg/mL recombinant human Cyr61
(rhCyr61; R&D Systems, Minneapolis, MN, USA). Cells were released from the substrates
and counted as described above.

Assessment of the effect of rhCyr61 on BMP-2 responsiveness by BM-MSCs

Young BM-MSCs (P3) were cultured for 7 days as described above. During expansion,
three groups of cells on yECM, eECM or TCP were maintained in growth media, while two
additional groups cultured on eECM and TCP were supplemented with 100 pg/mL rhCyr61.
On day 7, all groups were switched to growth media containing 2% FBS for 24 h. On day 8,
200 ng/mL rhBMP-2 (Life Technologies, Frederick, MD, USA) was added to the media for
an additional 48 h. Changes in transcripts in response to BMP-2 treatment were measured
using RT-PCR as described above.

Assessment of BM-MSC-responsiveness to IGF-1

Young BM-MSCs (P3) were seeded and cultured as described above. On day 7, the media
were switched to growth media containing 2% FBS and the cultures continued overnight. On
day 8, 20 ng/uL IGF-1 (R&D Systems, Minneapolis, MN) was added to the cultures for 1 h.
Following IGF-1 treatment, cell protein lysates were prepared using RIPA buffer, and probed
by WB, as described above. Akt phosphorylation was quantified by comparing the optical
density (OD) of pAkt and Akt bands (pAkt/Akt ratio).

Preparation of Cyr61-modified yECM and eECM

For Cyr61-modified ECMs, the procedure described above for producing ECM was
adjusted to allow for transfection with siRNA or infection with adenoviral vectors (AdV).
For controls, each batch of Cyr61-modified ECMs was paired with the corresponding
unmodified yECM or eECM, prepared by cells from the same cell donor.
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To produce Cyr61-depleted young ECM (yECM~1), the following siRNA reagents were
purchased from GE Dharmacon (Lafayette, CO, USA): ON-TARGETplus Human CYR61
SMARTpool (L-004,263-00-0005), siGLO Green Transfection Indicator (D-001,630-01—
05), and ON-TARGET-plus Non-targeting Pool (D-001,810-10-05). The transfection
reagent was purchased from Invitrogen (Lipofectamine RNAIMAX [Cat#13,778,075]). To
produce the modified ECM, young BM stromal cells were cultured for 5 days to 80%
confluence, switched to media containing 50 nM of non-targeting or Cyr61-targeting SiRNA,
incubated at 37 °C for 24 h in the absence of antibiotics/antimycotics, and then reverted

to complete growth media for an additional 48 h. On day 8, the cultures were treated with
ascorbic acid (50 uM) (Millipore-Sigma) and the cultures continued until the ECM was
harvested.

To produce Cyr61-enriched elderly ECM (eECM™*61), the following adenoviral vectors were
purchased from Vector Biolabs (Malvern, PA, USA): human-CYR61 (SKU #ADV-206,536),
GFP vector (Cat#1060), and null vector (Cat#1300). Optimization of the AdV concentration
for infection was performed as previously described [87]. In brief, BM stromal cells

were seeded at 3 x 103 cells/cm? and 5 x 108 cells/cm?, administered the GFP vector

at multiplicities of infection (MOI) ranging from 100 to 500, inspected under bright field
microscopy for cytotoxicity and FITC for transfection, and sorted based on GFP expression
via flow cytometry. The MOI which led to the greatest percentage of GFP-expressing cells
without introducing significant toxicity was selected for use in the experiments. To produce
the modified ECM, elderly BM stromal cells were cultured for 5 days to 70-80% confluence
and then treated with complete growth media containing 1 mL Cyr61 AdV or Null Vector

at an MOI of 450 for 24 h followed by a 48 h recovery period as described [62]. On day

8, the cultures were treated with ascorbic acid (50 uM) (Millipore-Sigma) and the cultures
continued until the ECM was harvested.

Vertebral BMD measurement by uCT

MicroCT (UCT) analyses were performed on L4 and L5 vertebrae to measure bone mineral
density (BMD). All samples were analyzed using a Skyscan 1172 scanner (pixel size
resolution of 10.06 um using 59 kV & 167 uA and an exposure of 800 ms with a rotation
step of 0.7°) equipped with a 11 MPix camera. The superior region of interest started

0.20 mm below the growth plate of the L4 vertebral body and ended inferiorly 0.20 mm
above the growth plate of the L5 vertebral body. A set of 2 mm diameter hydroxyapatite
(CaHA) phantoms was used for calibration and computing volumetric BMD. All images
were reconstructed using Skyscan NRecon software.

Vertebral bone tissue histomorphometry and Cyr61 immunohistochemistry

L4-L5 vertebral sections were prepared for histomorphometry and immunohistochemical
staining as previously described [66]. Bone samples were fixed in RNase-free

4% paraformaldehyde, demineralized in RNase-free 15% EDTA, and embedded in

paraffin. Tissue sections were stained with Hematoxylin & Eosin or prepared for
immunohistochemical staining as described previously [83]. Immunostaining of vertebral
sections was performed with human Cyr61 antibody (1:450 dilution; polyclonal rabbit IgG;
Cat# sc-13,100; Santa Cruz Biotechnology, Dallas, TX, USA); non-specific rabbit IgG (Cat#

Matrix Biol. Author manuscript; available in PMC 2023 April 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marinkovic et al. Page 18

12-370; Millipore-Sigma) as a negative control (1:200); and biotinylated goat anti-rabbit
1gG (1:200) (Cat# SAB4600006; Millipore-Sigma) as a secondary antibody, followed by
incubation with alkaline phosphatase conjugated avidin/biotin complex (Cat# AK-5000;
Vector Laboratories). Fast Red substrates were used to develop the alkaline phosphatase
staining. Microscopy was performed using an Olympus IX73 inverted microscope and
images analyzed using ImageJ software.

Statistical analysis

Two-tailed Student’s t-tests were used to determine significance in all pairwise comparisons;
P < 0.05 considered significant. Error bars in replicate data sets were presented as

mean values + 95% Confidence Interval (ClI). All multi-way statistical comparisons were
performed using one-way ANOVA with Tukey s post-hoc test. At a minimum, experimental
replicates were performed in triplicate and each experiment was repeated a minimum of 3
times.
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Fig. 1.

Proliferation and response of young BM-MSCs to inducers of osteogenic and adipogenic
differentiation during culture on TCP, yECM and eECM. (A) BM-MSCs were cultured on
TCP, yECM, and eECM for 5 days, detached from the substrates and then stained with
trypan blue for counting. The data are presented as the number of cells/cm2 for each culture
surface and reported as the mean + 95% confidence interval (Cl) for M= 3 replicates; the
experiment was repeated 3 times. *P< 0.05, vs. TCP and eECM. (B and C) BM-MSCs were
expanded for 7 days on TCP and ECMs produced by cells from three “young” (<25 y/0)
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(=yECM) and three “elderly” (=60 y/0) (=eECM) donors, switched to low serum-containing
media for 24 h, and then treated with BMP-2 (0.2 ug/mL) for 48 h. Changes in Runx2 (B)
and BSP (C) expression relative to GAPDH are shown. *£< 0.05, vs. untreated control.
Fold-change in expression, relative to untreated cells, is indicated above each bar. (D)
BM-MSCs were expanded as described in panels B & C, but treated with rosiglitazone
(Rgz; 1.9 ug/mL) for the last 48 h. PPAR~y expression, relative to GAPDH, is shown. *P <
0.05, vs. untreated control. Fold-change in expression, relative to untreated cells, is indicated
above each bar.
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Fig. 2.

Architectural and mechanical characterization of yYECM and eECM. (A) High-resolution
topographical maps of yECM and eECM were generated using atomic force microscopy
(AFM) (tapping mode) and each image represents a 70 x 70 um region of the matrix. (Bar
= 35 um). The color bar represents changes in height (um) on the topographical map. (B)
Distinct fiber organization was observed in yECM and eECM. Data were fit to a normal
distribution, with 90° corresponding to the mode of the observed orientations. A best fit-line
for the distribution is overlaid on the raw data. Fibrous structures in yECM displayed a
relatively unidirectional (i.e. parallel) alignment (o = 11.3), while fiber orientation in the
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eECM was more variable and widely distributed (o = 36.3) (i.e. less organized). Mean
fiber orientation measurements were performed on 15 randomly selected areas of each ECM
(70 um x 70 um) using AFM images. (C) Surface roughness (Ra) of yECM and eECM.
The arithmetic mean surface roughness for each ECM was computed from AFM (tapping
mode) heights generated from 15 randomly selected areas measuring 70 um x 70 um. Data
represent mean = 95% confidence interval (Cl) for /=15 replicates from three separate
samples of yECM and eECM. *P < 0.05, vs. eECM. (D) Mechanical stiffness of yECM
and eECM. The storage modulus was measured by mechanically testing each type of ECM
using small angle oscillatory shear rheology (SAQS). Data are reported as the mean + 95%
confidence interval (Cl) for M= 4 separate samples of yECM and eECM. *P < 0.05, vs.
eECM.
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Fig. 3.

Pr?)teomic analysis of the yECM and eECM matrisome. (A) Comparison of the protein
composition of yYECM and eECM using a Venn diagram. Data were obtained from four
young and four elderly ECM samples that were each produced by BM-MSCs from
individual donors. The ontology of the protein components identified was categorized as
corresponding to the ECM using the Enrichr gene analysis tool (https://maayanlab.cloud/
Enrichr/) and the Jensen TISSUES, tissue-specific gene expression database (https://
tissues.jensenlab.org/). (B) Catalogue of ECM proteins present in both yECM and eECM.
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Quantitative data for each protein is represented as total ion current (TIC), in order to
normalize the amplitude of MS spectra between samples [88] and transform spectra into

a common intensity range suitable for comparison [89]. A fold-change for each protein
component was calculated as log2(TIC yECM/TIC eECM). (C) ECM proteins uniquely
present in eECM (TIC). (D) ECM proteins uniquely present in yECM (TIC). Cyr61 (CCN1)
was the most abundant protein component uniquely present in yECM.
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Fig. 4.

Production of Cyr61 protein is substantially reduced in eECM relative to yECM. (A) (Top
panel) Protein lysates of BM stromal cells from 3 young- and 4 elderly donors were
subjected to gel electrophoresis and Western blot analysis for the presence of Cyr61 using
antibodies to Cyr61 and GAPDH (1:450 dilution; polyclonal rabbit 1gG). (Bottom panel)
Mean band intensity (optical density [OD]) for each lane of the Western blot was quantified
using ImageJ software (NIH) and expressed as a ratio of the OD for Cyr61/GAPDH bands.
Error bars represent the 95% CI. *P < 0.05, vs. Elderly. (B) (Top panel) Protein lysates
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of ECMs produced by BM stromal cells from 3 young- and 4 old donors were subjected

to gel electrophoresis and Western blot analysis as described in (A) for the presence of
Cyr61. (Bottom panel) Mean band intensity for each lane of the Western blot was quantified
using Image J as in (A). Error bars represent the 95% CI. *P< 0.05, vs. eECM. (C)
Immunofluorescence staining for Cyr61 in young and elderly ECMs. Sections were prepared
of each ECM, stained using Cyr61 antibody, and then observed using immunofluorescence
microscopy. Scale = 100 pum.

Matrix Biol. Author manuscript; available in PMC 2023 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Marinkovic et al.

Page 32

A
25 :
+
20 1
S
X 15 & & =
E
o
3 10
) *
Q
Sﬂﬂ
070 0

100 200 300 yECM
rhCyré1 (ug/mL)

B
S  2.5) Muntreated 1 3y
g O BMP2 ko
% = 2.01 1.2x
ko 0.9x
S X 1.5 0.9x
® T
o a 1.0x
5% 1.0
a5 O
< 0.5
c
=]
2
0 TCP TCP yECM eECM eECM
rhCyré1 — + - - +
C yECM eECM eECM eECM eECM
oot = Z =]
Cyré1 | :

2
rhCyré1 (ng)

Fig. 5.

Cc?mpared to yECM, exogenous rhCyr61 does not stimulate BM-MSC proliferation

or promote BMP-2 responsiveness. (A) Effect of exogenous rhCyr61 on BM-MSC
proliferation. BM-MSCs were cultured for 7 days on yECM or TCP supplemented with
varying amounts of rhCyr61 (50-300 pug/mL). The data are presented as the number of
cells/cm? and reported as the mean + 95% confidence interval (CI) for &= 3 replicates.
*P<0.05, vs. TCP alone; +P< 0.05, vs. TCP plus 100 pg/mL rhCyr61. (B) Effect of
exogenous rhCyr61 on responsiveness of BM-MSCs to BMP-2. BM-MSCs were cultured on
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TCP, yECM or eECM in standard growth media; in addition, replicate cultures on TCP and
eECM were also supplemented with 100 pg/mL rhCyr61. After 7 days of culture, cells were
switched to low serum-containing media for 24 h, and then treated with BMP-2 (0.2 pg/mL)
for 48 h. Runx2 expression was calculated relative to GAPDH and the data shown are the
mean + 95% confidence interval (Cl) for /= 3 replicates. *P < 0.05, vs. untreated control.
For each group, the fold-change with BMP-2 treatment versus untreated control is shown
over each pair of bars. (C) Exogenous rhCyr61 (0-10 ng) does not incorporate into eECM
after incubation for 24 h at 37C. yECM was used as a reference and at the end of incubation
Cyr61 protein content in the eECM was assayed by Western blot.
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Fig. 6.

Ingorporation of Cyr61 into the matrix can be manipulated by genetic modification of
young and elderly BM stromal cells prior to ECM production. (A) Cyr61 expression during
ECM synthesis is higher in young BM stromal cells relative to elderly, but treatment with
siRNA or adenovirus, respectively, decreases or increases Cyr61 mRNA expression. Cyr61l
expression was calculated relative to GAPDH and the data shown are the mean + 95%
confidence interval (Cl) for /= 3 replicates. For each time point: *£<0.05, vs. SiRNA,
untreated elderly, and adenovirus null; +P < 0.05, vs. untreated elderly, adenovirus null,
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and siRNA. (B) Western blot analysis of yYECM and eECM produced by BM stromal

cells that were left untreated or genetically modified to decrease (yECM™51) or increase
(eECM™*61) the incorporation of Cyr61. (Left panel) Incorporation of Cyr61 protein was
substantially reduced in yECM by treatment with siRNA (yECM™51), while the adenoviral
vector successfully enriched Cyr61 content in eECM (eECM*61). To confirm the extent that
the ECMs were decellularized, Cyr61 and GAPDH staining was performed on cell protein
extracts of young BM-MSC:s as a reference. (Right panel) Cyr61 Western blot band intensity
for each ECM was quantified using optical density (OD) as in Fig. 4. The data are reported
as the mean + 95% confidence interval (CI) for /= 3 replicates for yECM and yECM~61;

N =5 replicates for eEECM and eECM*61. *P < 0.05, vs. ECM not genetically modified;
xP<0.05, vs. yECM. (C) Immunofluorescence staining of modified yECM and eECM
shows modulation of Cyr61 incorporation by treatment with sSiRNA or adenovirus. ECM
sections were prepared from cultures of young BM stromal cells (untreated, Cyr61-siRNA)
and elderly BM stromal cells (untreated, Cyré1-adenoviral vector), stained for Cyr61, and
immunofluorescence microscopy performed. Scale = 100 pm.
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ECM-bound Cyr61 is an important regulator of BM-MSC function. (A) ECM-bound Cyr61
promotes BM-MSC proliferation. BM-MSCs were cultured for 5 or 7 days in standard
growth media on TCP and untreated or genetically modified yYECM and eECM to up- or
down-regulate Cyr61 incorporation in the matrix. The data are presented as the number of
cells/cm? and reported as the mean + 95% confidence interval (CI) for M= 3 replicates. *P
< 0.05, day 7 yECM vs. all other day 7 conditions; *P< 0.05, day 5 yECM vs. all other day
5 treatment conditions; X A< 0.05, same day on eECM. (B-C) ECM-bound Cyr61 regulates
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BM-MSC responsiveness to BMP-2. BM-MSC response to BMP-2 was reduced by culture
on YECM™81, relative to unmodified yECM. In contrast, BM-MSC response to growth factor
treatment was restored by culture on eECM*61, compared to unmodified eECM. Cultures

on TCP and ECM produced by young, elderly, and genetically modified BM stromal cells
were performed as described in Fig. 1; expression of Runx2 (B) and BSP (C) was measured
after BMP-2 treatment (48-hours). Gene expression is calculated relative to GAPDH and the
data shown are the mean + 95% confidence interval (CI) for /=3 replicates from three
individual samples. *P < 0.05, vs. untreated control. For each group, the fold-change with
BMP-2 treatment versus untreated control is shown over each pair of bars. *£ < 0.05, vs.
untreated control.
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Fig. 8.

EgM-bound Cyr61 regulates BM-MSC responsiveness to IGF-1. (A) Culture on yECM
increases the response of BM-MSCs to IGF-1 treatment relative to culture on eECM or TCP.
(Top panel) Western blot analysis of pAkt and Akt expression by BM-MSCs cultured on
TCP, yECM, or eECM and either treated or not treated with IGF-1. (Lower panel) Western
blot band intensity for pAkt and Akt was quantified using ImageJ software and a pAkt/Akt
ratio calculated. The data are reported as mean fold change in pAkt/Akt ratios + 95%
confidence interval (Cl) for V= 3 replicates on TCP, yECM and eECM. *P< 0.05, vs. TCP.
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(B) Depletion of Cyr61 reduces the ability of yECM to promote IGF-1 responsiveness, while
increasing Cyr61 restores the capacity of eECM to promote growth factor responsiveness.
(Top panel) Western blot analysis of pAkt and Akt expression by BM-MSCs cultured on
Cyr61-modified yYECM and eECM and either treated or not treated with IGF-1. (Lower
panel) Western blot band intensity for pAkt and Akt was quantified with ImageJ (as above
and in Fig. 4) and a pAkt/Akt ratio calculated. The data are reported as mean fold change

in pAkt/Akt ratios + 95% confidence interval (CI) for M= 3 replicates on yECM, yECM 61,
eECM, and eECM*61, *p < 0.05, vs. yECM; *P< 0.05, vs. eECM.

Matrix Biol. Author manuscript; available in PMC 2023 April 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Marinkovic et al. Page 40

B N=18

I N=7

_Elderly

N

BMD (g/cm?3) (x10°1)

0
Young Elderly
Cyr61 = s »» .
o
GAPDH e
1 2 3 1 2 3 4 "é_ 6
Young Elderly 2
2
E 3
Cyr61 weme aw'cun e vt gl =
o
GAPDH ==wess o p— § 2
1 2 3 1 2 3 No § *
PBS ddH,0  Wash >0 I
Young Elderly

Fig. 9.

Ve?rtebral bone mineral density declines with aging in mice. (A) Representative transverse,
longitudinal, and radial cross-section uCT images of L4-L5 vertebrae from young and
elderly mice. A well-defined loss of BMD in elderly mice can be seen. (B) Mean L4-L5
vertebral BMD measured in 18 individual young (9-11 months old) and 7 elderly (21

-23 months old) male and female mice. Error bars represent the 95% CI. *P< 0.05, vs.
young. Statistical significance for elderly versus young vertebral BMD was confirmed with a
two-tailed Student’s T-test (p= 4.19 x 10-6). (C) Western blot analysis of Cyr61 in extracts
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of decellularized L4-L5 vertebral bone from young (<4 months old) and elderly (>21 months
old) male and female mice. (Left panel) Extracts of young bone tissue contain a higher
amount of Cyr61 protein relative to elderly. Staining for GAPDH was used to assess the
success of the decellularization process using PBS vs. water. Water was ultimately chosen
due to the completeness it provides in removing cellular constituents from the samples.
(Right panel) Western blot band intensity of samples shown in the left panel were quantified
as described in Figs. 4 and 6. Error bars represent the 95% ClI. *~< 0.05, vs. young. (D)
Representative histology of young and elderly L4-L5 vertebrae. (Top panel) H&E staining
of young bone shows extensive trabeculae, which are substantially reduced in elderly bone.
Scale = 500 um. (Bottom panel) Immunostaining of Cyr61 in sections of young and elderly
mice vertebrae.
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Fig. 10.

Proposed model illustrating the potential mechanisms where ECM-bound Cyr61 may be
involved in regulating the properties of the BM niche and retention of the BM-MSC
phenotype. Cyr61 multifunctional domains bind integrins (i.e. avp3, a6p1), receptors (e.g.
LRP1) and various ECM constituents (i.e. fibronectin, proteoglycans) which may influence
architectural and mechanical cues in the ECM. Based on data reported in the current studies,
ECM-bound Cyr61 also participates in promoting the response of BM-MSCs to both BMP-2
and IGF-1, potentially acting as a co-receptor or extracellular reservoir. In young bone,
extensive Cyr61 staining (pink color) is evident in the BM stroma and bone lining cells
(arrowheads). Elderly bone shows reduced staining for Cyr61 at the interface of the stroma
and bone lining cells (arrowheads). Scale =200 um.
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