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Abstract

Postmenopausal osteoporosis results from a pro-resorptive bone environment, which decreases 

bone mineral density and increases fracture risk. Bone marrow derived mesenchymal stem/stromal 

cells (MSCs) secrete factors involved in bone homeostasis, but osteoporosis mediated changes 

to their secretions remain understudied. Herein, we examined the secretome of MSCs isolated 

from ovariectomized rats (OVX rMSCs), a model of post-menopausal osteoporosis, as a function 

of cell-cell interactions. Specifically, we controlled clustering of OVX and SHAM rMSCs by 

assembling them in granular hydrogels synthesized from poly(ethylene glycol) microgels with 

average diameters of ~10, 100, and 200 μm. We directed both the size of rMSC clusters (single 

cells to ~30 cells/cluster) and the percentages of cells within clusters (~20-90%) by controlling 

the scaffold pore dimensions. Large clusters of OVX rMSCs had a pro-resorptive secretory profile, 

with increased concentrations of Activin A, CXCL1, CX3CL1, MCP-1, TIMP-1, and TNF-ɑ, 

compared to SHAM rMSCs. As this pro-resorptive bias was only observed in large cell clusters, 

we characterized the expression of several cadherins, mediators of cell-cell contacts. N-cadherin 
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expression was elevated (~4-fold) in OVX relative to SHAM rMSCs, in both cell clusters and 

single cells. Finally, TIMP-1 and MCP-1 secretion was only decreased in large cell clusters of 

OVX rMSCs when N-cadherin interactions were blocked, highlighting the dependence of OVX 

rMSC secretion of pro-resorptive cytokines on N-cadherin mediated cell-cell contacts. Further 

elucidation of the N-cadherin mediated osteoporotic MSC secretome may have implications for 

developing therapies for postmenopausal osteoporosis.
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1 INTRODUCTION

Initiated by estrogen deficiency during menopause, Type 1 or postmenopausal osteoporosis 

(OP) is a bone disorder that affects tens of millions of women worldwide[1,2]. OP is 

characterized by decreased bone mineral density and increase bone marrow adiposity, 

leading to bone fragility and increased fracture risk[2,3]. The loss of bone mass is a result of 

an imbalanced rate of bone turnover, where the rate of bone resorption outpaces the rate of 

bone formation. The main cell types involved in the bone turnover processes are osteoclasts, 

responsible for bone resorption, and osteoblasts, responsible for bone matrix deposition. In 

OP, the loss of estrogen leads to increased pro-inflammatory signaling, osteoclast fusion, and 

osteoblast apoptosis, collectively leading to a pro-resorptive bone marrow environment.

Bone marrow derived mesenchymal stem/stromal cells (MSCs) are a heterogenous 

population of multipotent and secretory cells involved in bone homeostasis, osteoporosis, 

and fracture healing [4-6]. In healthy environments, a subset of MSCs differentiate primarily 

into osteoblasts and to a lesser extent into adipocytes. However, MSCs isolated from 

osteoporotic environments, specifically from ovariectomized rats (OVX rMSCs), have 

decreased osteogenic capacity and are biased towards adipogenesis in vitro [7,8]. Beyond 

their differentiation potential, MSCs secrete a variety of factors—including cytokines, 
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growth factors, and chemokines—that influence bone remodeling. MSCs secrete factors that 

can direct osteoblast differentiation and matrix deposition, osteoclast fusion and resorption 

activity, and macrophage and lymphocyte migration and polarization, all functions that 

directly impact osteoporosis[5,9]. While normal bone resorption/formation balance is known 

to be impaired in osteoporosis, less is known about how the secretome of osteoporotic MSCs 

may be changed or how these changes might influence bone remodeling.

Prior work has determined that MSC secretory properties are dependent on their in vitro 
culture microenvironments [10-13]. In previous studies, OVX rMSCs have been cultured 

on tissue culture polystyrene (TCPS); however, TCPS culture and expansion can adversely 

affect MSC secretory properties [14]. Alternative culture systems have evolved to address 

this problem. For example, systems that promote MSCs cellular interactions, such as 

spheroid culture [15,16] and porous scaffolds [14,17,18], are known to promote MSC 

secretions, in part through N-cadherin signaling[14,17,18]. Granular porous scaffolds can 

be particularly advantageous as a they require a fewer number of cells and maintain a high 

degree of cell-matrix interactions. However, the influence of N-cadherin mediated cell-cell 

contacts on the OVX rMSC secretome is not fully understood.

Herein, we used porous granular hydrogels to tailor the clustering OVX rMSCs in order 

to study their secretome. OVX rMSCs were isolated from ovariectomized rats exhibiting 

osteoporotic bone parameters, including decreased bone mineral density and volume. To 

control rMSC clustering, poly(ethylene glycol) based granular hydrogel scaffolds were 

synthesized from micrometer-sized hydrogel spheres (diameters ~10, 100, and 200 μm), 

termed microgels. Trophic factors secreted from OVX and SHAM control rMSCs were 

measured as a function of cell clustering and cluster size. In large clusters, we observed 

increased secretion of pro-resorptive and anti-osteogenic factors by OVX relative to SHAM 

rMSCs. For this reason, we investigated the gene expression of cadherin molecules 

(facilitators of cell-cell contacts) in OVX and SHAM rMSCs. Further, we block cadherin 

signaling and investigate downstream effects on the secretory properties of OVX and SHAM 

rMSCs. The reported results suggest that differences in the OVX rMSC secretory profile 

are influenced by cadherin expression and binding, which may contribute to the overall 

pro-resorptive nature of the osteoporotic bone environment.

2 MATERIALS AND METHODS

2.1 Ovariectomy surgery and subsequent trabecular bone characterization

All animal experiments were completed in accordance with National Institutes of Health 

guide for the care and use of laboratory animals and with approval from the University of 

Massachusetts institutional animal care and use committee (protocol # 2018-0082). OVX (n 

= 7) and SHAM OVX (n = 7) female Sprague Dawley rats (12 weeks-old) were obtained 

from Charles River (Wilmington, MA). The ovariectomy procedure was performed by the 

vendor, Charles River, and the surgical process overseen by the Charles River Institutional 

Animal Care and Use Committee [19]. Animals were monitored post-operatively for one 

week prior to shipment. Animals were tagged and incision clips removed 2 weeks post-

operatively under isoflurane anesthesia (2-3% to effect). Animals were housed communally 

with a density of up to 4 animals per cage. Animal Care Systems “Optirat Plus” IVC cages 
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were housed in a BioBubble with maintained temperature and 12-h light/dark cycle. Cages 

were set up in a with exhaust augmentation to ensure sufficient air turnover within each 

cage. Animals were given cardboard enrichment and daily human interaction. A standard 

rodent chow diet and water were provided ad libitum.

Sixteen weeks after ovariectomy and sham surgeries, the rats were anesthetized via 

isoflurane inhalation (3.5%) and euthanized via cardiac exsanguination. The right proximal 

tibial metaphases were scanned in vivo with microcomputed tomography (μCT) (Bruker 

Skyscan 1276) with a voxel size of 18 μm, x-ray tube voltage of 100 kV, current of 200 

μA, 0.5 degree step size, 1 mm aluminum filter, and exposure time of 350 ms. The region 

of interest for trabecular bone analyses had a height of 1.6 mm starting 2 mm distal to 

the proximal tibial physis. Trabecular bone volume fraction, trabecular number, thickness, 

and spacing, and bone mineral density were quantified for each tibia. Uterii were examined 

and weighed to confirm ovariectomy procedure was effective [20]. SHAM OVX rats had a 

higher (p < 0.0001) wet uterus weight of 0.581 ± 0.082 g, while OVX rats had a visibly 

thinner uterus structure with a weight of 0.095 ± 0.013 g.

2.2 OVX rMSC isolation

Immediately after euthanasia, rMSCs were isolated from the bone marrow of the humerus 

of each rat. Briefly, the humerii from each rat was removed, the ends of the bone cut, 

and the bone marrow flushed with growth media and plated directly onto tissue culture 

plates. rMSCs were cultured in alpha modified Eagle medium (alpha-MEM, Stem Cell 

Technologies) with nucleosides supplemented with 50 μg/mL penicillin (Gibco), 50 μg/mL 

streptomycin (Gibco), and 1 μg/mL fungizone (Gibco) containing 10% (vol/vol) fetal bovine 

serum (Gibco). Media was changed every 2-3 days. After 10 days (70-80% confluency), 

rMSCs from each individual rat were frozen down in a solution of 40% growth media, 40% 

FBS and 20% DMSO. Passage 1 (P1) rMSCs from individual rats were pooled, expanded 

for an additional 7-10 days, and frozen at P2 in Cell Freezing Medium (ThermoFisher). All 

experiments used P3 pooled SHAM and OVX rMSCs.

2.3 Macromer synthesis

The synthesis of tetra-arm poly(ethylene glycol) (PEG)-azide and eight-arm PEG-

dibenzocyclooctyne (DBCO) was performed according to previously published procedures 

[21-23]. Briefly, four-arm PEG amine (Mn~10,000 Da, JenKen) was dissolved in 

cooled dichloromethane (DCM), followed by the sequential addition of triethylamine and 

methanesulfonyl chloride. After O/N stirring at room temperature (RT), the reaction was 

diluted with DCM and washed with brine. The organic phase was dried, filtered, and 

concentrated under vacuum. Residual oil was precipitated into diethyl ether, centrifuged, 

and washed with excess ether to give mesylated PEG. 1H NMR analysis was used to 

determine end group functionalization. Next, tetra-arm PEG-mesylate and sodium azide 

were dissolved in anhydrous dimethylformamide (DMF) and stirred for 48 hours at 60°C. 

The solution was dialyzed against deionized (DI) water (MWCO 3.5 kDa) for seven days 

and lyophilized. Complete disappearance of end-group mesyl protons on 1H NMR was 

interpreted as quantitative conversion of tetra-PEG-mesylate to tetra-PEG-azide.
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Eight-arm PEG amine (Mn~20,000 Da, JenKem), HATU (MilliporeSigma), and c6-DBCO-

acid (Click Chem Tools) were dissolved in DMF. Methylmorpholine was added to this 

solution and the reaction was left overnight to stir under inert gas. Macromers were 

precipitated directly into diethyl ether, collected by centrifugation, dialyzed in the dark 

against DI water (MWCO 8 kDa), and lyophilized.

An azide modified lysine analog (Fmoc-azide-L-lysine, ChemImpex) was used to synthesize 

an azide-labeled RGD (N3-KGRGDS) using standard Fmoc chemistry and a Rink Amide 

MBHA resin (Chempep Inc, USA) on a Protein Technologies Tribute Peptide Synthesizer. 

The peptides were purified using reverse phase High Pressure Liquid Chromatography 

(HPLC) and confirmed using negative Electrospray Ionization (ESI) mass spectroscopy.

2.4 Microgel scaffold fabrication

Microgels were synthesized as previously described[17]. Briefly, individual microgels 

were created using an inverse suspension polymerization with PEG-DBCO and PEG-N3 

macromers in hexanes with Span-80 (2.25% v/v) and Tween-20 (0.75% v/v). Two distinct 

sets of microgels, one with excess DBCO and the other with excess azide, were prepared 

with 11mM excess of either functional group in the polymer mix. The two populations of 

microgels are subsequently mixed to covalently assemble the scaffold. For DBCO excess 

microgels, 3mM of 8 arm 20kDa PEG-DBCO and 3mM of 4 arm 10kDa PEG-Azide were 

used. For azide excess formulations, 2mM of 8 arm 20kDa PEG-DBCO and 6.5mM of 4 

arm 10kDa PEG-Azide. 1mM of N3-GRGDS was included in all microgels. Shear force, 

either through magnetic stirring, vortexing, or sonicating respectively, was applied during 

polymerization to create microgels of various sizes. Microgels fabricated 40 mM Azide 

modified Alexaflour 647 were imaged using a Laser Scanning Confocal Microscope (Zeiss) 

and average microgel diameters were quantified using ImageJ software (Figure S1).

Microgels were washed (under sterile conditions) with isopropanol (4 times) and with PBS 

(2 times) before resuspension in PBS. Probe sonication was used before resuspension in 

PBS on occasion to break apart any aggregates. Microgels in PBS were used for rMSC 

assembly.

2.5 rMSC microgel scaffold assembly

rMSC-laden microgel scaffolds were prepared by suspending cell solutions, either 1 million 

OVX or SHAM rMSCs, with both microgel populations, DBCO-excess and N3-excess 

microgels (~50 μL polymer mix each) swollen in PBS and centrifuging. After centrifugation, 

scaffolds were immediately placed in rMSC culture media (described in Section 2.2). The 

swollen scaffolds reached a final swollen volume of ~200μL, and a corresponding density of 

5 million cells/ mL. rMSC culture media was changed 24 hours after assembly.

2.6 Osteogenic and adipogenic differentiation of OVX and SHAM rMSCs

To confirm the adipogenic bias of rMSCs isolated from OVX rats, SHAM and OVX 

rMSCs were differentiated into osteogenic and adipogenic lineages using a commercially 

available kit following the manufacturer’s instructions (R&D Systems # SC020). Briefly, 

rMSCs were seeded on fibronectin coated glass coverslips (n=3) at a density of 4000 
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cells/cm2 and cultured to ~60% and ~100% confluency for osteogenic and adipogenic 

differentiation conditions, respectively. Media was replaced with osteogenic and adipogenic 

media formulations (provided from manufacturer) every 3-4 days for up to 21 days.

2.7 RNA isolation and RT-qPCR

RNA was collected from Day 0 (24 hours after seeding) on TCPS (n=3) and 4 days after 

culture in microgels using the RNeasy Micro Kit (n=3) (Qiagen, Cat. No. 74004). RNA 

quantity and purity were determined via spectrophotometry (ND-7 1000; NanoDrop). 2 

ng/uL of complementary DNA (cDNA) was synthesized using the iScript Synthesis kit 

(Bio-Rad, Cat. No. 1708841) on an Eppendorf Mastercycler. RT-qPCR was performed 

using SYBR Green reagents (Bio-Rad, Cat. No. 1708884) on an iCycler (BioRad). Relative 

mRNA expression levels were calculated as 2^(−ΔΔCt) from three technical replicates per 

condition normalized to GAPDH and each respective SHAM condition. Primer sequences 

are listed in Table 1.

2.8 Alkaline phosphatase (ALP) detection

ALP detection was performed on OVX and SHAM rMSCs (n=3) cultured in osteogenic 

conditions for 14 days using a commercially available kit (Sigma-Aldrich SCR004). 

Briefly, the samples were fixed in 4% paraformaldehyde (PFA) for 2 min and rinsed with 

Tris Buffered Saline (TBS) + 0.05% Tween 20 (TBST). A 2:1:1 mixed on Fast Violet 

Red (0.8g/L stock): Napthol AS-BI phosphate solution (4mg/mL) in AMPD buffer (2mol/

L:water) was added to the samples for 15 min. After an additional wash with TBST, the 

samples were stored in PBS. Images were obtained using a 20x air objective Nikon Eclipse 

TE300 microscope and the % ALP area was quantified using ImageJ.

2.9 Alizarin Red

Alizarin Red staining was performed at Day 21 to detect the deposited mineralized 

extracellular matrix by SHAM and OVX rMSCs cultured in osteogenic inductive medium 

(n=3). Samples were fixed in 4% PFA for 15 min at RT and washed with PBS 3x. They were 

then incubated in a 40 mM solution of Alizarin Red (Sigma Aldrich TMS-008) in distilled 

water (pH 4.2) for 15 min. Samples were washed with PBS and images were obtained using 

a 20x with a Nikon Eclipse TE300 microscope. The % Alizarin red area was quantified 

using ImageJ.

2.10 Immunofluorescence staining

Samples were fixed for 30 min using 4% PFA or 10% formalin for rMSCs cultured 

on coverslips (n=3) or in microgel scaffolds (n=3), respectively. Samples were washed 

with PBS 3x for 10 min each. Permeabilization and blocking were performed each for 

1 hour at RT in 0.1% TritonX-100 in PBS and 5% bovine serum albumin (BSA) in 

PBS, respectively. Mouse Anti-N-cadherin (Sigma Aldrich, 10μg/mL), Goat Anti-Mouse 

FABP4 (R&D systems, 10μg/mL), Rabbit anti-CD73 (Abcam, 1:100), Mouse anti-CD90 

(Invitrogen, 1:250), Rabbit anti-CD45, (ThermoFisher, 1:500), and Mouse anti-CD105 

(Abcam 1:100) primary antibodies in Cell Staining Buffer (Biolegend) were incubated with 

rocking overnight at 4°C. The next day, three washes in PBS with 0.05% Tween 20 (PBST) 
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for 10 min each was performed. Then, secondary antibodies (specifically, goat anti-mouse 

Alexaflour 488 or chicken anti-goat Alexaflour 647 (1:500), DAPI (1:500), Rhodamine 

Phalloidin (1:300), were incubated for 1 hour at RT. Samples were washed with PBST 3x 

for 5-10 min. Images were acquired using either the Operetta (Perkin Elmer) for 2D samples 

or a Nikon Spinning Disc Confocal (40x air objective) or a Laser Scanning Confocal 

Microscope (20x water objective) for 3D microgel samples.

2.11 Image Analysis

Percent Positive: For % positive analysis (%FABP4+), DAPI and Rhodamine Phalloidin 

staining were used to determine the nuclear and cytoplasmic areas using the Harmony 

software (Perkin Elmer). A single in focus plane was chosen and cell number was 

determined by the number of nuclei. The number of positive cells were determined by 

the cytoplasm stained with FABP4. Percent of FABP4 was calculated for each field of view 

and analyzed.

N-cadherin intensity: For rMSCs cultured on 2D TCPS, N-cadherin intensity 

measurements were determined using Harmony software (Perkin Elmer). Briefly, N-

cadherin intensity values were measured from the cytoplasmic areas of cells in single 

in focus plane. For rMSCs cultured in microgels, a maximum intensity projection of 

approximately 80-100 μm z-stack images (with <1 μm intervals between slices) was created 

and N-cadherin intensity values were measured using Fiji. Outlier analysis was conducted 

using the ROUT method and Q=1%.

Cluster size and percentage: Cluster size and % of cells in cluster were determined 

using IMARIS 3D visualization software (Bitplane). Approximately 80-100 μm z-stack 

images (with <1 μm intervals between slices) were imported into the software and 3D 

surfaces around a cluster was created using the F-actin stain. Next, the nuclei were marked 

using DAPI staining and the Spot Analysis feature of IMARIS. Using a pre-written Matlab 

code (Split into Surface Objects Xtension) within the IMARIS software, the number of 

nuclei within each cluster (defined as >3 nuclei) was determined.

2.12 Secretory Analysis

Global secretory profiles were measured using a Rat Cytokine Array C2 (RayBiotech) 

and the manufacturer's protocol was followed. Briefly, arrays were blocked for 30 min at 

RT and incubated overnight at 4°C with 1 mL of conditioned media (pooled from n=3 

microgel scaffolds) collected after three days of rMSC culture in microgel scaffolds. The 

next day, the membranes were washed, incubated with a biotinylated antibody cocktail 

for 1.5 hrs at RT, washed, and then incubated with HRP-streptavidin for 2 hrs at RT. 

Chemiluminescence signal from the membranes was detected using a charge-coupled device 

camera (ImageQuant LAS 4000 GE Healthcare).

Analysis was performed using the manufacture’s guidance. Spot intensity values from 

raw images were determined using the 2D Array feature of ImageQuant (GE Healthcare). 

The relative intensities were calculated as using the manufacturer’s recommended method 

(Raybiotech). For each array, the background signal from negative control spots was 
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subtracted and average intensities were normalized to positive spot controls on each array. 

Next, the intensity values for each sample array were normalized control (blank media) 

arrays. Finally, raw normalized intensity values were compared between OVX and SHAM 

samples, either by plotting in a heatmap or calculating the log fold change between samples. 

ELISAs were performed according to the manufacturer’s protocol for TIMP-1 and MCP-1 

(R&D systems, Rat Duo ELISA kits).

2.13 N-cadherin blocking

Blocking of N-cadherin cell-cell interactions were performed using an anti-N-cadherin 

antibody following previously published protocols18,23. Briefly, rMSCs were trypsinized, 

re-suspended in growth media containing N-cadherin blocking antibody (50 μg ml−1, Sigma-

Aldrich GC4), and incubated for 45 min at 4°C. The cells were then washed twice with 

PBS and assembled with microgels networks or plated on glass coverslips. It is important 

to note that 10 μg/mL of the N-cadherin blocking antibody was also included in the media 

throughout the experiments to ensure sustained blocking.

2.14 Protein isolation and western blot

Protein was collected from Day 0 (24 hours after seeding) on TCPS (n=3) and 4 days 

after culture in microgels (n=3) using the cold RIPA Buffer (Thermo Fisher Scientific) 

supplemented with Halt protease, phosphatase inhibitor (Thermo Fisher Scientific). Cells 

were lysed for 20 min, the lysate was collected, vortexed for ~30sec, and incubated on ice 

for an addition 15 min. Lysate was centrifuged at 20,000xg for 10 min, supernatant was 

moved toa new tube, flash frozen and stored at −20°C until use. Protein concentration was 

quantified using a Pierce Micro BCA Protein kit (Thermo Fisher Scientific) according to 

manufacturer’s instructions and the plate was imaged at 562 nm using a Synergy F1 hybrid 

reader (BioTek).

10 μg of protein was denatured in 1x Laemmli SDS sample buffer (Alfa Aesar) 

supplemented with 1mM dithiothreitol (DTT, Bio-Rad) boiled for 5 min at 96 °C. Proteins 

were separated using polyacrylamide Precast Protein Gels (Bio-Rad) in SDS running buffer 

consisting of 25 mM Tris-Base (Fisher Scientific), 192mM glycine (Bio-Rad), 0.1% sodium 

dodecyl sulphate (Fisher Scientific) under 130 V for 60 min. Proteins were transferred to a 

pre-cut PVDF membrane (BioRad) in cold transfer buffer consisting of 25 mM Tris (Fisher 

Scientific), 192 mM glycine (Bio-Rad), 10% methanol for 60 minutes at 80V. Membranes 

were blocked in a 5% skim milk powder in TBS at room temperature for 1 hour at RT. 

Primary antibodies, specifically, Mouse anti- GAPDH (Abcam, 1:1000 dilution) and Rabbit 

Anti-N-cadherin (Abcam, 1 μg/mL), in 5% skim milk powder in TBS at 4 °C overnight on 

a shaker. The next day, the membranes was washed in TBST (0.1% TWEEN-20 in TBS 

buffer) and incubated with secondary goat-anti- mouse or rabbit HRP conjugated antibody 

(at a concentration 3 times more diluted than the primary antibody) for 1 hour at room 

temperature depending on the host of the primary antibody. Chemiluminescence signal was 

detected using Pierce ECL Plus solution (ThermoFisher Scientific) and an ImageQuant 

LAS 4000 detector. The band signal was quantified using the Gels Plug in on the ImageJ 

software.
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2.15 Statistical Analysis

Statistical analysis and data visualization was done using Graphpad v9. A two-way ANOVA 

with multiple comparisons were used to determine statistical significance between SHAM 

and OVX (Factor 1) and microgel conditions (Factor 2) for cell cluster size and %cells in a 

cluster (Figure 1). One-way ANOVAs with Tukey ad hoc tests were performed to determine 

statistical significance for secretion and gene expression data. N=3 technical replicates are 

plotted with standard mean error unless otherwise noted.

3 RESULTS

3.1 Ovariectomy induced trabecular bone loss

Sixteen weeks after Sprague-Dawley rats underwent an ovariectomy (OVX) or sham 

(SHAM) surgeries, microcomputed tomography was performed on the trabecular regions 

(starting 2 mm distal to the proximal tibial physis) for each of the rats (Figure S1a). μCT 

images were reconstructed using NRecon, saved in DataViewer, and analyzed using CTan. 

Rats that underwent the OVX surgery (OVX rats) had significantly lower bone mineral 

density (Figure S1b) and bone volume (Figure S1c) compared to rats that underwent a 

sham surgery (SHAM rats). Properties of the trabeculae were also altered. The number 

of trabeculae per unit length, or trabecular number, was significantly decreased in (Figure 

S1d) and the spacing between individual trabecula was increased in OVX rats (Figure S1e). 

Interestingly, no differences in trabecular thickness was observed, as both SHAM and OVX 

rats had 0.09 mm thick trabeculae.

3.2 OVX rMSCs are biased towards adipogenic fates

rMSCs were isolated from the bone marrow of the humerii of OVX and SHAM rats 

immediately after euthanasia. Cells isolated from both OVX and SHAM rats were positive 

for classic MSC markers (CD90, CD105, and CD73) and were negative for CD45, a 

hematopoietic stem cell marker (Figure S2). After 14 days in osteogenic media, gene 

expression of Runx2, a key osteogenic transcription factor, was significantly lower in 

OVX rMSCs (Figure S3a) compared to SHAM. In adipogenic media, expression of Pparg 
and Fabp4, both markers of adipocyte differentiation, were significantly higher in OVX 

rMSCs compared to SHAM. Protein expression of FABP4 was also significantly increased 

in OVX rMSCs at Day 14 relative to SHAM (Figure S3b). A marker of osteogenic 

differentiation, ALP activity, was significantly decreased in OVX rMSCs in osteogenic 

media conditions at Day 14 (Figure S3c). Lastly, calcified matrix deposition, as measured by 

Alizarin Red at Day 21 was also significantly decreased in OXV rMSCs relative to SHAM. 

Collectively, these results confirmed the increased adipogenic potential and decreased 

osteogenic potential of OVX rMSCs compared to SHAM controls.

3.3 Granular porous scaffolds with varied particle sizes direct rMSC clustering

After OVX and SHAM rMSCs were cultured on TCPS for four days, 97% of the secreted 

cytokine and growth factors measured as low or undetectable concentrations (Figure S4); 

necessitating an alternative culture platform to study their secreted factors. Prior literature 

has suggested that MSCs cultured in three-dimensional biomaterial scaffolds, with a network 
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on interconnected pores, can better maintain and even increase MSC secretory properties by 

promoting cell-cell interactions [10,17].

For this reason, we utilized a cell-adhesive microgel scaffold with varying pore sizes to 

cluster and culture OVX and SHAM rMSCs in 3D. The porous scaffolds were assembled 

from microgels by using a SPAAC reaction between multi-arm PEG macromers end 

functionalized DBCO or azide under varying degrees of shear (Figure 1a). Specifically, 

stirring resulted in large microgel diameters of 210 μm ± 109 μm (~200 μm), vortexing 

resulted in medium microgel diameters of 102 μm ± 43 μm (~100 μm), and sonicating 

resulted in microgel diameters of 14 μm ± 9 μm (~10 μm) (Figure S5). Previous work 

thoroughly characterizing these materials and the various fabrication methods do not show 

any changes to surface roughness[17]. Upon assembly with rMSCs (~5million cells/mL), the 

cells become embedded in the void spaces (or pores) and interact with the RGD motifs (1 

mM) on the microgels (Figure 1b). After four days, rMSCs cultured in scaffolds comprised 

of microgels with average diameters of ~10 μm reside largely as single cells (Figure 1c, left). 

rMSCs in scaffolds comprised of microgels with increasing average diameters, ~100 μm and 

~200 μm, form progressively larger clusters (Figures 1c, middle, right).

Using a 3D rendering software, IMARIS, the degree of cell clustering (Figure 1d) and 

cluster size (Figure 1e) were quantified for both SHAM and OVX rMSCS. Here, we defined 

a cluster as three or more nuclei (blue) contained within the same F-actin region (red). Less 

than 25% of SHAM and OVX rMSCs in 10 μm scaffolds resided in a cluster (~3 cells), 

indicating rMSCs reside as mostly single cells in these scaffolds. In 100 μm scaffolds, 47.8% 

± 17.1% of SHAM rMSCs and 36.0% ± 2.7% of OVX rMSCs resided in clusters, and these 

clusters contain ~5 cells. In scaffolds prepared with the 200 μm microgels, the OVX rMSCs 

had nonsignificantly higher degree of clustering (95.0% ± 2.1% with ~30 ± 10 cells) relative 

to SHAM cells (84.1% ± 7.3%, ~20 ± 7 cells). A two-way ANOVA analysis revealed that 

both the degree of clustering and the cluster size were significantly varied between the three 

microgel conditions. However, there were no statistical differences (p> 0.05) between the 

clustering phenotypes of SHAM and OVX rMSCs in each microgel condition, suggesting 

that any observed secretory differences are not due to differences in the extent of clustering. 

For the remainder of the discussion, the conditions will be referred to as large clusters for 

rMSCs assembled with the 200 μm microgel diameter scaffolds, small clusters for rMSCs 

assembled with the 100 μm microgel scaffolds, and single cells for rMSCs assembled with 

the 10 μm microgel scaffolds.

3.4 Clustering increases global cytokine secretion in both OVX and SHAM rMSCs, but the 
increases are more pronounced in OVX rMSCs

After establishing three clustering phenotypes by varying the microgel pore dimensions, 

we next explored how clustering phenotypes impacted OVX and SHAM rMSC secretory 

properties. We measured the secretory properties of SHAM and OVX rMSCs cultured as 

large clusters (~30 cells/cluster), as small clusters (~5 cells/cluster), and as single cells using 

a cytokine array (RayBiotech Rat C2, Figure S6). Both SHAM and OVX rMSCs in large 

clusters had elevated secretion of a majority of the measured secreted factors (Figure 2a). 

For SHAM rMSC conditions, out of the 34 secreted factors measured, 79% were most 
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elevated in the large clusters, followed by ~15% in the small clusters and ~6% in the single 

cells (Figure 2b, top). For the OVX rMSCs conditions, 97% of the measured factors were 

most elevated in large clusters, only ~3% in small clusters, and zero in the single cells 

(Figure 2b, bottom). These results indicate that in large clusters, OVX rMSC secretory 

properties are more pronounced than those of the SHAM controls. Next, we sought to 

analyze the differences between the SHAM and OVX rMSC secretory profiles in greater 

detail.

3.5 OVX rMSCs have elevated secretion of pro-resorptive cytokines in large clusters 
relative to SHAM

To further explore whether an altered secretory profile from OVX rMSCs may be involved in 

their pro-resorptive bias, we identified a subset of factors that have pro-resorptive functions 

(Figure 3a). Many of the pro-resorptive factors are secreted by both SHAM and OVX cells 

cultured as single cells or in small clusters had a similar profile. However, in the large 

clusters, larger differences are observed between the SHAM and OVX rMSCs (Figure 3b, 

pro-resorptive factors labelled in red).

Notably, 6 of the 10 pro-resorptive factors, Activin A, CXCL1, CX3CL1, MCP-1, TIMP-1, 

and TNF-alpha, are greatly elevated in OVX rMSC clusters relative to SHAM (Figure 3b). 

There were no differences in the secretion of IL-1, IL-1a, IL-1b, and IL-6, indicating that 

pro-inflammatory interleukin secretion may not be significantly altered in OVX rMSCs. 

Additionally, secretion of VEGF-A, an angiogenic factor present in bone marrow adipose 

tissue, was elevated in the OVX rMSCs compared to SHAM rMSCs. Four of the top five 

most elevated factors in large clusters of OVX compared to SHAM rMSCs are classified 

as pro-resorptive and are not greatly altered when OVX and SHAM rMSCs are cultured 

as single cells or in small clusters (Figure 3c). Collectively, these results indicate that the 

secretory profile of OVX rMSCs is biased towards a pro-resorptive phenotype. However, 

we note that the differences in the secretory profile are not present when OVX and SHAM 

rMSCs are cultured in small clusters or as single cells (Figure S7), indicating that cell-cell 

contacts may be involved in the production of pro-resorptive cytokines by OVX rMSCs.

3.6 N-cadherin expression is significantly elevated in OVX rMSCs compared to SHAM 
rMSCs

After culturing SHAM and OVX rMSCs on TCPS for 4 days in growth conditions, RT-

qPCR was performed for a variety of cadherin genes (Figure 4a). In general, both SHAM 

and OVX expressed Cdh1 (E-cadherin), Cdh2 (N-cadherin), Cdh5 (VE-cadherin) Cdh11 
(OB-cadherin), Cdh13 (T-cadherin), and Cdh15 (M-cadherin) and, notably, did not express 

Cdh4. Only Cdh2, or N-cadherin, gene expression was ~4 fold higher in OVX rMSCs 

relative to SHAM, which was further observed at the protein level by immunostaining 

(Figure 4b). Image quantification confirmed an overall higher fluorescence intensity of 

N-cadherin by OVX rMSCs relative to SHAM (Figure 4c). Based on these results, we 

investigated N-cadherin expression in the 3D porous microgel scaffolds as a function of 

rMSC clustering.
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3.7 N-cadherin expression is elevated in clustered and single OVX rMSCs relative to 
SHAM rMSCs

We next measured N-cadherin expression in the 3D porous microgel scaffolds, where 

rMSCs were cultured either as single cells or as large clusters for both OVX and SHAM 

rMSCs. Representative images show increased N-cadherin expression for single OVX 

rMSCs cultured in the 10 μm microgel scaffolds compared to SHAM single cells (Figure 

4d, left). This quantification of this observation can be found in Figure 4e. Cdh2 gene 

expression was also ~4 fold higher in single OVX rMSCs relative to single SHAM cells 

(Figure 4f). These trends were also observed in the large rMSC clusters in ~200 μm 

microgel scaffolds (Figure 4 d,e,f) and for small rMSC clusters in ~100 μm microgels 

scaffolds (Figure S8). Further, western blot analysis was also conducted to confirm the 

elevated N-cadherin in OVX rMSCs (Figure S9). Overall, we observed that OVX rMSCs 

maintained their elevated N-cadherin expression relative to SHAM cells, both when cultured 

as single cells, small clusters, and large clusters of cells.

3.8 Blocking N-cadherin reduces secretion of pro-resorptive cytokines in OVX rMSCs 
clusters

As N-cadherin expression is higher in OVX rMSCs, both as single cells and as large 

clusters, we next sought to determine the specific role of N-cadherin on MSC secretory 

properties and profiles. To do this, we blocked N-cadherin before assembling OVX and 

SHAM rMSCs with 200 μm microgel scaffolds, where they reside as large cell clusters. 

After 4 days of culture, cytokine and growth factor secretion was measured. Results 

showed a significant decrease in overall secretion in OVX rMSCs relative to SHAM cells 

(Figure 5a). In contrast to the secretory profiles seen before (Figure 3b), when N-cadherin 

interactions were blocked, large clusters of OVX rMSCs no longer produced higher levels of 

pro-resorptive cytokines relative to SHAM cells in the same conditions. This reduction was 

not observed when N-cadherin was blocked in OVX rMSC cultures as single cells (Figure 

S10). Approximately no change or a decrease in secretion was observed for the previously 

five most elevated factors by OVX rMSCs in large clusters (Activin A, CXCL1, MCP1, 

TIMP1 and VEGF-A) when N-cadherin was blocked (Figure 5b).

To test whether the global decreases were due to a lack of secretion from both cell types, 

increases by SHAM rMSCs, or a decrease by OVX rMSCS only, we performed ELISAs 

to quantify the concentrations of TIMP-1 (Figure 5c) and MCP-1 (Figure 5d). For both 

factors, blocking N-cadherin resulted in selective decreased secretion by OVX rMSCs in 

large clusters, while SHAM rMSCs maintained their secretory levels compared to their 

respective unblocked controls. Overall, these results indicate that N-cadherin interactions are 

necessary for the pro-resorptive bias of the secretory profile of OVX rMSCs.

4 DISCUSSION

Patients with postmenopausal osteoporosis have higher bone resorption rates and higher 

fracture risk, potentially due to impairments in their MSC functional properties [2]. As 

factors secreted by MSCs are known to be involved in bone healing and homeostasis, we 

characterized the secretory profile of OVX rMSCs utilizing porous granular hydrogels to 
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cluster rMSCs (single cells to ~30 cells/cluster) with varying percentages of cells within 

clusters (~20-90%) (Figure 1). OVX rMSCs cultured in scaffolds with pore dimensions 

designed to increase cell clustering secreted higher concentrations of several factors relative 

to single cells (Figure 2), specifically pro-resorptive and anti-osteogenic factors (Figure 3). 

As the pro-resorptive bias of the OVX rMSC secretory profile was only observed in large 

cell clusters, we further sought to understand if cadherin mediated cell-cell connections 

were involved. N-cadherin was highly expressed in OVX rMSCs compared to SHAM cells 

(Figure 4). Furthermore, blocking N-cadherin suppressed the pro-resorptive bias of the OVX 

rMSC secretory profile (Figure 5).

While the in vivo identity of MSCs is not fully understood, it is of high likelihood that 

MSCs in contact with bone participate in N-cadherin signaling with other cell types in 

the bone marrow niche[9,18]. To maintain bone homeostasis, MSCs interact with bone 

lining cells and osteoblasts—which have high N-cadherin expression[9,24]—and can secrete 

factors to direct activities of nearby cells, including immune cells, osteoblasts, osteoclasts, 

and other MSCs. As we are interested in exploring this secretory signaling in vitro, 

we chose to cluster MSCs in granular hydrogels to control their N-cadherin binding. In 

this study, we observed that OVX rMSCs in large clusters (partially mediated through 

N-cadherin interactions) secrete TNF-ɑ, TIMP-1, and CXCL1, factors known to inhibit 

osteoprogenitor proliferation, differentiation, and mineralization [25-27]. OVX rMSCs also 

secreted elevated levels of several factors that can promote osteoclast fusion, such as 

Activin A and MCP-1, increasing rates of bone resorption [28,29]. Additionally, TNF-ɑ, 

CXCL1, MCP-1, and CX3CL1 can direct macrophage and lymphocyte migration and 

pro-inflammatory polarization[30,31], which can increase inflammation and lead to higher 

bone resorption rates. However, it is important to note that not all elevated factors were 

dependent on N-cadherin signaling. For example, we observed elevated levels of Fas Ligand, 

an initiator of T-cell apoptosis, in OVX rMSCs relative to SHAM cultured both on TCPS 

(Figure S4) and as single cells with blocked N-cadherin interactions (Figure S10).

Interestingly, typical levels of many of the factors measured in this study are also known 

to be disrupted globally in osteoporotic patients. Serum analysis revealed increased TNF-α 
in osteoporotic women compared to age matched controls [32]. Additionally, VEGF-A, 

MCP-1, and TNF- α levels were elevated in white adipose tissue isolated from OVX 

rats [33]. MCP-1 expression is also elevated in immune cells in bone marrow fat, which 

can contribute to an inflammatory environment [34]. While it is improbably that MSCs 

are solely responsible for these elevations—as they are present in very few numbers in 
vivo— MSCs likely have significant local effects in the bone marrow niche, including 

both direct effects, such as osteoblast and adipocyte differentiation, and indirect secretory 

effects, such as osteoprogenitor proliferation and osteoclast fusion. However, their role in the 

pathogenesis of osteoporosis requires further elucidation.

One potential implication from this study goes beyond the investigation of the OVX 

rMSC secretory profile; namely, that the binding of N-cadherin may be necessary for 

MSC secretome elevation. Even though OVX rMSCs cultured across multiple platforms 

expressed elevated levels of N-cadherin relative to their SHAM counterparts (Figures 

4), their secretory properties were only elevated when cultured as large clusters (Figure 
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2). Additionally, blocking N-cadherin interactions resulted in reduced secretion from 

OVX rMSCs solely in large clusters (Figure 5) and not in single cells (Figure S10). 

Molecularly, the homotypic binding of N-cadherin initiates the formation of the cadherin 

catenin complex, resulting in the sequestration of ɑ- and β-catenin in a force-dependent 

manner [35]. ɑ-catenin can bind to F-actin, thus linking the cadherin-catenin complex 

to the cytoskeleton, where applied tension can result in downstream gene expression 

[36]. Additionally, β-catenin can interact with multiple transcriptional pathways, including 

Wnt [37-39] and NF-κB [25,40], which both regulate transcription of numerous secreted 

factors. Taken together, these results indicate that overexpression of N-cadherin may not 

be enough to elevate MSC secretion, but rather N-cadherin binding, facilitated through 

cell clustering, must occur. Therefore, MSC clustering may be an important strategy for 

cell-based therapeutics relying on their secreted factors and aid in the improvement of 

biomaterial delivery systems.

5 CONCLUSIONS

Secreted factors from bone marrow resident MSCs can influence bone homeostasis, 

including rates of bone resorption and deposition, which are altered in osteoporosis. Here, 

we utilized porous granular hydrogel scaffolds to control both the degree of cell clustering 

(~20-90%) and the size of clusters (single cells-30 cells/cluster). We observed increased 

secretion of Activin A, CXCL1, CX3CL1, MCP-1, TIMP-1, and TNF-ɑ by OVX rMSCs 

in large clusters compared to SHAM rMSCs, indicating a pro-resorptive bias of the OVX 

rMSC secretory profile. Further, we observed a four-fold elevation in N-cadherin expression 

in OVX rMSCs compared to SHAM, both when cultured as single cells and as large 

clusters. Finally, we demonstrated that N-cadherin signaling was partially responsible for the 

regulation of OVX rMSC secretory properties, as only large cell clusters of OVX rMSCs 

selectively decreased secretion of TIMP-1 and MCP-1 when N-cadherin interactions were 

blocked. The design of modular platforms that allow for the controlled examination of the 

effects of numerous parameters (i.e., cell clustering and N-cadherin interactions) on the 

secretory properties OVX rMSCs will significantly aid in the design of future MSC therapies 

for healing in osteoporotic environments.
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Figure 1. Porous microgel scaffolds direct rMSC clustering.
(A) Schematic of cell-laden microgel scaffolds synthesized by combing DBCO excess 

microgels, azide excess microgels, and rMSCs. Individual microgels and the scaffold are 

covalently bound with SPAAC chemistry (B) Representative image of rMSCs in 200 μm 

scaffolds. (C) Representative images of rMSCs cultured in 10 μm (left), 100 μm (middle), 

and 200 μm (right) average diameter microgel scaffolds. Quantification of (D) % cells in 

clusters and (E) cluster size of SHAM (black) and OVX (grey) rMSCs. Error bars represent 

SEM. Scale bar = 50 μm. Microgels labeled in grey, nuclei in blue, and F-actin in red. Stars 

represent significance across conditions using a two-way ANOVA (**** p-value <0.0001, ns 

– not significant)
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Figure 2. OVX and SHAM rMSCs secretory properties are increased in large clusters.
(A) Heatmap of concentration of cytokine array OVX and SHAM rMSCs cultured in 

large clusters, small clusters, and as single cells. Red represents high expression and blue 

represents low expression or no detection. (B) Distribution of factors most elevated in each 

clustering condition for SHAM (top) and OVX (bottom).
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Figure 3. OVX rMSC secretory profile exhibit a pro-resorptive bias.
(A) Heatmap of pro-resorptive factor secretion from OVX and SHAM rMSC cultured as 

large clusters, small clusters, or single cells. (B) Log fold change of secretion of OVX 

rMSC in large clusters relative to SHAM rMSCs in large clusters. Factors listed in red are 

classified as pro-resorptive. (C) Log fold change of the top five factors most elevated by 

OVX rMSCs in large clusters across all clustering conditions.
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Figure 4. Higher expression of N-cadherin in OVX rMSCs.
(A) Relative expression of multiple cadherins in SHAM and OVX rMSCs cultured for 24 

hours on TCPS in growth media. Error bars represent SEM. (B) Representative images 

of N-cadherin immunostaining (green) of SHAM and OVX rMSCs on TCPS. Scale bar 

(white) 100 μm. (C) Quantification of N-cadherin fluorescent intensity. Stars represent 

significance between OVX and SHAM (D) Representative immunostaining images of N-

cadherin (green) of SHAM and OVX rMSCs cultured as single cells and as large clusters 

in microgel scaffolds. Nuclei are staining with DAPI (blue) and F-actin is stained with 

Rhodamine Phalloidin (red). (E) Quantification of N-cadherin fluorescent intensity. (F) 

Relative N-cadherin gene expression of SHAM and OVX rMSCs cultured in microgel 

scaffolds. Error bars represent SEM. Stars represent significance between SHAM (dark 

green) and OVX (light green) (**** p-value <0.0001, ** p-value <0.01). Hashtags represent 

significant between single cells and large clusters for each cell type (# p-value <0.001).
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Figure 5. N-cadherin blocking decreased secretion of pro-resorptive factors selectively from OVX 
rMSCs.
(A) Log fold change in secretion between OVX and SHAM rMSCs cultured in large clusters 

with blocked N-cadherin is blocked. Pro-resorptive factors are labelled in red. (B) Log fold 

change of the top 5 five most elevated by OVX rMSCs in large clusters across all clustering 

conditions and with N-cadherin blocking. ELISA quantification of (C) TIMP-1 and (D) 

MCP-1 of SHAM and OVX rMSCs. Error bars represent SEM. Stars represent significance 

between SHAM (black) and OVX (gray) (** p-value <0.01, ns – not significant)
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Table 1

List of primers for RT-qPCR genes.

Gene Forward (5’ -> 3’) Reverse (5’ -> 3’) Product
Length (bp)

Gene

Runx2 AAGTGGCCAGGTTCAACGAT CAAGCTTCTGTCTGTGCCTT 171 NM_001278484.2

Bglap (osteocalcin) ATTGTGACGAGCTAGCGGAC TCGAGTCCTGGAGAGTAGCC 131 NM_013414.1

Pparg CCTGTTGACCCAGAGCATGG GGTCCACAGAGCTGATTCCG 124 NM_013124.3

Fabp4 AGAAGTGGGAGTTGGCTTCG ACTCTCTGACCGGATGACGA 103 NM_053365.2

Cdh1 (E-cadherin) CCATCAACTGCCCGGAAAAT ACCGTTGTCTCTTTGTCCCT 85 NM_031334.1

Chd2 (N-cadherin) GGAGCCGATGAAGGAACCACA ACCTGATCCTGACAAGCTCT 167 NM_031333.2

Chd4 CTGCGTTGATCTCCCCGAAT TACTGCGTCCCTTTGGTGTC 88 XM_039106753.1

Chd5 (VE-cadherin) GATGAGAATGACAACGCCCC TTGTGTTTACTGGCACCACG 127 NM_001107407.1

Chd11 (OB-cadherin) TTGTGAATGGGACTGGGACTG TCACAGAGTCACAAAGCCAAA 137 NM_053392.1

Chd13 (T-cadherin) TCAGAATGACAACCGACCCA GGTCATCTGCATCAAACGCT 113 NM_138889.2

Chd15 (M-cadherin) ATGAGTTCTGCTCTGCTCTTC ACACACTGATGGGTGGGATG 160 NM_207613.1

Gapdh GTTACCAGGGCTGCCTTCTC GATGGTGATGGGTTTCCCGT 177 NM_017008.4
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