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ARTICLE INFO ABSTRACT

Keywords: Breast cancer predominantly metastasizes to the skeleton. Mechanical loading is reliably anabolic
Breast cancer in bone, and also inhibits bone metastatic tumor formation and bone loss in vivo. To study the
Bone metastasis underlying mechanisms, we developed a 3D culture model for osteocytes, the primary bone
?)]zt:;zsis mechanosensor. We Ve.riﬁed that MLO-Y4s responded to p.erfusion by red.u.cing their r.“a.nkl and
Mechanobiology rankl:opg gene expression. We next cultured MLO-Y4s with tumor-conditioned media (TCM)

collected from human breast cancer cells (MDA-MB-231s) and a corresponding bone-homing
subclone to test the impacts on osteocytes’ mechanosensation. We found that TCM from the
bone-homing subclone was more detrimental to MLO-Y4 growth and viability, and it abrogated
loading-induced changes to rankl:opg. Our studies demonstrate that MLO-Y4s, including their
mechanoresponse to perfusion, were more negatively impacted by soluble factors from bone-
homing breast cancer cells compared to those from parental cells.

1. Introduction

Bone fractures and other skeletal-related events (SREs) are common, life-threatening complications of bone metastases, and are a
serious clinical challenge in the management of metastatic breast cancer. For breast cancer, bone is the predominant distant metastatic
site [1]. Breast cancer bone metastasis induces bone disease through accelerated bone loss, heightened fragility, and risk for suffering
an SRE. SREs (e.g., severe pain, fracture), which are most numerous in breast cancer, increase the risk for subsequent SREs (as many as
four per year [2]) and early death on the order of weeks [3]. The current view of osteolytic tumor-induced bone disease (TIBD) is that
tumor cells stimulate osteoblasts to increase osteoclast differentiation and resorption activity, leading to a vicious cycle of bone loss.
However, osteocytes (OCys) are involved in bone metastasis as well, as they are specialized sensory bone cells that function as
“managers” to sense and integrate physiochemical signals to appropriately coordinate bone tissue remodeling [4,5]. In the current
study, we investigated how bone metastatic breast cancer alters OCys’ mechanosensing function and the downstream impacts on bone
remodeling signals.

Increased mechanical stimuli, which are well-documented to increase bone and mitigate bone loss due to myriad pathologies (e.g.,
aging [6]), may also be protective against TIBD with concomitant anti-tumorigenic effects. A few promising reports indicated that

* Corresponding author. Department of Mechanical Engineering University of Colorado 427 UCB, Boulder, CO, 80309, USA.
E-mail address: Maureen.Lynch@colorado.edu (M.E. Lynch).
@LynchLab (M.E. Lynch)

https://doi.org/10.1016/j.heliyon.2023.e20248

Received 8 May 2023; Received in revised form 23 June 2023; Accepted 14 September 2023

Available online 21 September 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:Maureen.Lynch@colorado.edu
https://twitter.com/LynchLab
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e20248
https://doi.org/10.1016/j.heliyon.2023.e20248
https://doi.org/10.1016/j.heliyon.2023.e20248
http://creativecommons.org/licenses/by-nc-nd/4.0/

B.A. Sarazin et al. Heliyon 9 (2023) 20248

exercise reduced bone loss in breast cancer survivors [7,8] and induced positive physical outcomes (e.g., lower fatigue) in patients with
existing bone metastases without SREs [9-11]. In preclinical studies, increased mechanical stimuli inhibited both metastatic tumor
formation and bone loss in breast [12,13] and multiple myeloma [14,15] bone metastases. Specifically in breast cancer, tibial
compression applied to a mouse model of breast cancer bone metastasis protected against bone loss and tumor formation [13], but
pathologicallyhigh loading appeared to accelerate metastasis [12], highlighting the need to better understand the impacts of loading
on TIBD.

Recently, OCys have been definitively implicated in TIBD. Increased lesions, osteoclast formation, and bone loss in late-stage
multiple myeloma patients were correlated with increased OCy apoptosis and circulating levels of DKK1 and sclerostin [16,17].
Now, they are established as important cellular players in TIBD, but their role remains under investigation. Because OCys are the
primary regulators of mechanically-regulated bone homeostasis and OCy dysfunction is a feature in many skeletal pathologies that
lead to bone fragility [4,5], we broadly hypothesize that bone metastatic breast cancer cells impair osteocyte function, which would be
a new mechanism of TIBD.

While many mechanistic studies have investigated how OCys, particularly mechanically-stimulated OCys, modulate tumor cell
viability and behavior, such as motility [12,18,19], few have studied how OCys are reciprocally impacted by tumor cells. In vivo, the
OCy lacunar-canalicuar network was disrupted by both multiple myeloma [20] and melanoma bone metastasis [21] during TIBD
development. Further, upon direct contact with multiple myeloma cells in vivo, OCys underwent apoptosis and subsequently expressed
greater RANKL and sclerostin than control mice, which contributes to bone loss [22]. In vitro, soluble factors from prostate cancer cells
‘educated’ OCys to promote tumor cell growth, migration, and invasion through changes in OCy secretome [23]. Conditioned media
from multiple myeloma cells increased rankl and decreased opg expression in OCys as well as inhibited OCy cell growth [24]. Even
fewer studies have investigated the impacts of tumor cells on OCys’ ability to respond appropriately to mechanical stimuli, which is a
significant gap in understanding how mechanical forces might be affecting TIBD. Fluid flow-induced changes in OCy expression of
rankl, opg, and rank:opg were larger in the presence of media conditioned by multiple myeloma cells, seemingly sensitizing OCys to
fluid flow [24]. In the case of breast cancer, we recently showed that the ability of OCys to mount an anabolic loading response while in
the presence of tumor-conditioned media depended on whether the breast cancer cells themselves were also loaded [25]. When
conditioned media was collected from loaded breast cancer cells, OCy cell counts were further reduced compared to static controls, and
loading-induced increases in OCy opg were abrogated, leading to larger rankl:opg. However, these studies were conducted in 2D, which
is not physiological, thus may not reflect a physiological OCy mechanoresponse.

Here, we sought to investigate how soluble factors secreted by breast cancer cells alter the mechanoresponse of OCys to fluid flow in
a physiologically-relevant bone microenvironment. To this end, we developed a 3D OCy culture model and combined it with a
perfusion bioreactor. We initially focused on applied perfusion with an established cell line, the highly fluid-sensitive MLO-Y4 OCys
[26], in order to benchmark our results against existing literature. We then cultured MLO-Y4s with conditioned media collected from
human breast cancer cells, as the majority of osteocytes are deeply embedded in the bone matrix, thus likely signal via paracrine
signals. We utilized a highly aggressive human breast cancer cell line, MDA-MB-231s, and a corresponding subclone that specifically
homes to bone to assess whether OCys responded differently to a subpopulation of tumor cells that exhibit osteotropism. Our rationale
is that among breast cancer cells, which are highly heterogeneous, distinct gene and protein signatures exist that demarcate sub-
populations and point to their preferred distant site (e.g., bone, lung, brain) [27] and likely lead to distinct impacts on the local
osteocyte population. We collected conditioned media from both Parental and Bone-homing MDA-MB-231s across a range of tumor
cell population sizes and assessed resulting MLO-Y4 growth and viability over time to identify appropriate culture parameters (i.e.,
time in culture and TCM dose) for subsequent experiments. Finally, using the determined culture parameters, we tested the impacts of
tumor-conditioned media on the response of MLO-Y4s to applied perfusion to understand how tumor-derived paracrine signals impact
osteocytes’ mechanoresponse to fluid flow.

A. 3D Bone Microenvironment ~ B. Perfusion Bioreactor C. Individual Scaffold Perfusion Set-up
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Fig. 1. 3D platform for osteocyte culture and perfusion bioreactor set-up. (A) Representative image of the bone-mimicking scaffold. (B) A single
bioreactor chamber holds up to 9 scaffolds, each in individual wells, and is perfused from the bottom. (C) Each scaffold is surrounded by a PDMS
ring to facilitate direct perfusion. A sintered mesh is placed below and above the scaffold/PDMS ring to create uniform inlet and outlet flows.



B.A. Sarazin et al. Heliyon 9 (2023) 20248

2. Materials and methods
2.1. Bone-mimicking scaffold fabrication

Bone-mimicking scaffolds were prepared from poly (lactide-co-glycolide) (PLG) and hydroxyapatite (HA) using previously
established methods (Fig. 1A) [28,29]. Briefly, 8 mg of PLG microspheres, 8 mg of HA particles (Sigma, average diameter 200 nm), and
152 mg of NaCl particles sized 250-400 pm (J T. Baker) were pressure-molded (Carver Press) into disks (1.5 mm thick, 8 mm
diameter). These disks were subsequently subjected to a gas-foaming/particulate leaching technique that results in surface exposure of
the incorporated mineral.

2.2. 3D culture of MLO-Y4 osteocytes

MLO-Y4 cells (Kerafast) were selected as our OCy model when investigating the role of mechanical loading because their mechano-
response to applied fluid shear stress is robust and well-characterized [26,30-32]. MLO-Y4s were cultured on collagen-coated tissue
culture plastic [rat-tail collagen I (Fisher #CB-40236) diluted to 0.15 mg/ml in sterile 0.02 N acetic acid], and were maintained in
Minimum Essential Medium Eagle — Alpha Modification (¢aMEM) supplemented with 2.5% fetal bovine serum (FBS, Life Technologies),
1% Penicillin/Streptomycin (P/S, Invitrogen) and 2.5% calf serum under standard cell culture conditions (37 °C, 5% CO3). After MLOs
reached ~70% confluency, they were detached with Trypsin-EDTA (Gibco) prior to scaffold seeding. Scaffolds were incubated with
70% ethanol for 30 min, washed 4 x with sterile PBS, and then seeded with 500,000 MLO-Y4s per scaffold. MLO-seeded scaffolds were
maintained on an orbital shaker at 37 °C and 5% CO, for 2 days prior to initiation of experiments to allow for cell adhesion and
equilibration. Media changes were every 48 h unless otherwise described.

2.3. Generation of tumor-conditioned media

MDA-MB-231 (MDAs, ATCC) human breast cancer cells (Parental) and an MDA bone-homing (Bone-homing) subclone (a gift from
Dr. Julie Rhoades, generated following an in vivo selection technique [27,33]) were maintained in complete Dulbecco’s modified
Eagle medium [DMEM (Invitrogen) supplemented with 10% FBS and 1% P/S] under standard cell culture conditions. To generate
tumor-conditioned media (TCM), media was collected from a range of Parental and Bone-homing MDA cell populations (1e6, 4e6, 7e6,
and 10e6 cells). MDAs were plated in tissue culture flasks, and when they reached 90% confluency, their media was replaced with low
serum DMEM (1% FBS, 1% P/S) for 24 h. Cells were counted following trypsinization, and the total volume of TCM was aliquoted
according to the desired population counts. For example, to generate aliquots of TCM from 10e6 cells, the total number of cells in a
single T150 flask was divided by 10e6 to calculate the total number of aliquots. The 25 mL of TCM from the T150 was then divided by
the total number of aliquots. Each aliquot received fresh low serum DMEM for a final volume of 15 mL. Each 15 mL aliquot of TCM was
then condensed to 1.5 mL in an Amicon centrifugal filter unit (MWCO 3 kDa, EMD Millipore), and diluted as described previously [25,
28,29] to achieve a final ratio of 20% TCM to 80% fresh MLO-Y4 media. TCM generated using this method has previously affected
MLO-Y4 mechanosensitivity [25], osteogenic differentiation in mesenchymal stem cells [28], and osteoclastogenesis in RAW264.7
monocytes [29]. Low serum DMEM with no cells was subjected to the same processing conditions and used as acontrol.

2.4. Perfusion bioreactor

We first tested the MLO-Y4 response to steady versus pulsatile flow. Our rationale is that, when broadly looking across bone tissue
engineering studies (i.e., 3D), particularly those that employ perfusion, they most often use steady flow. Thus, even though nearly all
2D MLO-Y4 studies employ unsteady flow, we opted to test whether there was a substantial difference in flow profiles. MLO-Y4-seeded
scaffolds received either steady perfusion (0.3 ml/min inlet volumetric flow rate, resulting in 100 pm/s inlet velocity; 1 h per loading
bout) or pulsatile perfusion (0.3 ml/min inlet volume applied at 1 Hz) from our bioreactor (Bangalore Integrated System Solutions)
(Fig. 1B), loading regimes that we previously verified via Computational Fluid Dynamics simulations to be within the physiological
range of anabolic mechanical loading [34,35]. Within the bioreactor chamber, each scaffold sits in an individual well (up to 9 per
chamber), and is positioned between two sintered metal mesh disks that produce uniform inlet and outlet flows (Fig. 1C). To produce
direct perfusion through scaffolds, each scaffold is also surrounded by a deformable PDMS ring that restricts outward flow from
surrounding the sidewall (Fig. 1C).

2.5. Endpoint analyses

To assess overall MLO-Y4 population growth in 3D, DNA was isolated with Caron’s buffer and quantified via analysis of fluores-
cence intensity using Quantifluor (Promega). To assess cell viability, live cells were stained with calcein and dead cells were stained
with propidium iodide. Finally, to assess the mechanoresponse of MLO-Y4s in 3D, expression of rankl and opg was determined using
quantitative RT-PCR (qPCR) and the comparative ACT method. Briefly, mRNA was isolated from scaffolds using the TRIzol extraction
method in RNase-free conditions. qPCR was performed using Tagman probes and SYBR primers. Results were normalized to the
expression of hprt, the housekeeping gene we determined to be invariant to all of our treatments. Details can be found in the sup-
plement (Supplemental Table 1).



B.A. Sarazin et al. Heliyon 9 (2023) 20248
2.6. Statistical analysis

The effects of: 1) perfusion alone [Loaded (Steady and Pulsatile) vs. Nonloaded]; 2) TCM source (Control, Parental, or Bone-
homing) and dose (1, 4, 7, and 10e6 tumor cells); 3) TCM source (Control, Parental, or Bone-homing), dose (1 vs. 4e6 cells), and
day (D1, D3, and D5); and finally 4) TCM source (Control or Bone-homing) and perfusion (Loaded vs. Nonloaded) were determined via
full factorial ANOVA (JMP Pro v16.0, SAS Institute Inc. and Rstudio: Integrated Development for R). When the interaction factor was
significant, a post hoc Tukey-Kramer test with a Bonferroni correction was conducted; otherwise, experimental groups were pooled for
analysis as appropriate to evaluate the main effects. All experiments were replicated 3-4 times, with a minimum of 3 technical rep-
licates per treatment group per outcome measure. Outliers were identified via the Cook’s Distance method. Data are represented as the
mean + SD across all biological replicates. Each data point represents the mean value from a single biological replicate. Statistical
significance was set at o < 0.05.

3. Results
3.1. MLO-Y4s developed interconnecting dendrites and exhibited a normal loading response to perfusion in a 3D bone microenvironment

After 7 total days of culture, MLO-Y4s remained widely viable throughout the scaffold. A representative image of a live/dead stain
shows widespread dendrite formation and interconnections among neighboring cells (Fig. 2A). We also applied both steady and
pulsatile fluid flow to MLO-Y4-seeded scaffolds to assess changes in expression of classic mechanosensitive remodeling genes — rankl
and opg [36]. Perfusion was applied for 1 h per day for 2 consecutive days, based on documentation of temporal loading-induced
changes to gene expression in vivo [37] as well as numerous 2D studies (NB: the reader is referred to several representative papers
[24,38-41]) (Fig. 2B). Interestingly, MLO-Y4s in 3D were more responsive to a steady flow profile than to an unsteady one, as indicated
by the remodeling rheostat rankl:opg ratio. Specifically, rankl was decreased by steady loading by 45%, but not by pulsatile flow (p =
0.007). Gene expression of opg followed a trend for a loading-induced increase in both flow conditions compared to static controls, but
these changes did not reach significance (p = 0.2) (Fig. 2C). As a result, the ratio of rankl:opg was strongly reduced by flow (p =
0.0002), and it was not different between steady and pulsatile flow conditions. Thus, we selected steady flow for the remainder of our
studies.

3.2. MLO-Y4 growth and viability in 3D was inhibited by conditioned media from bone-homing MDA-MB-231 breast cancer cells

To first determine how culture with tumor-conditioned media (TCM) impacted MLO-Y4 growth and viability in 3D, we cultured
osteocytes with media conditioned by increasing the size of tumor cell populations (1, 4, 7, and 10e6 cells) (Supp. Fig. 1A). Upon
inspection of the live/dead staining, however, MLO-Y4 cultures treated with Bone-homing TCM displayed a striking loss of cellularity

A. Dendrite Formation B. Loading Experimental Design

2

g

- D1 D:
*—o—0—0
e [
‘:l f Seed Load Load,

+ 100pm _ 230um Harvest
Live (calcein) - Dead (propidium iodide)

C. Loading-induced Changes in Gene Expression
rankl opg rankl:opg

15 30 ELoaded 15
—_— [JNonloaded —_

05

0.0 0.0

.0
Steady Pulsatile Steady Pulsatile Steady Pulsatile

Fig. 2. MLO-Y4s in a 3D bone microenvironment recapitulated a physiologic mechanoresponse. A) MLOs in HA-containing scaffolds formed
interconnecting dendrites (white arrows), as observed by live (calcein, green)/dead (propidium iodide, red) staining after 7 days in culture
(representative image shown). Bar = 100 pm; inset bar = 50 pm. B) Experimental design schematic to test 3D MLO mechanoresponse to applied
steady or pulsatile (1 Hz) perfusion (100 ml/min, 1 h per day, 2 days). C) Rankl was reduced only in MLO-Y4s exposed to steady perfusion. MLO-Y4s
reduced their rankl:opg in response to both steady and pulsatile perfusion, with no difference in the loading response to either loading condition. A
trend for loading-induced increases in opg expression was observed in both loading conditions, which did not reach significance. Each data point
represents the mean value from each biological replicate (n = 3-4). *Loaded vs. Nonloaded via 2-way ANOVA.
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with increasing TCM dose (Suppl. Fig. 1B). Concomitant with this, differences in overall MLO-Y4 growth were observed across the
source of TCM, in which MLO-Y4 DNA content in cultures treated with Bone-homing MDA TCM was lower than that in the Control
group and in the group treated with Parental MDA TCM. These differences did not reach statistical significance given the large
variability in data; however, the level of genetic material in the MLO-Y4s treated with Bone-homing MDA TCM was so low, as shown by
the absolute value of DNA content, that further endpoint analyses (e.g., QPCR) were precluded (Supp. Fig. 1C). Similarly, when MLO-
Y4 DNA content was normalized to the Control group (Supp. Fig. 1D), the rate of growth in the MLO-Y4s treated with Bone-homing
TCM was severely stunted. Because the higher doses of Bone-homing TCM limited the cellular material we could work with, we next
investigated the temporal impacts of the lower TCM doses.

Because we observed significant loss in MLO-Y4 cellularity following 5 days of culture with higher doses of Bone-homing TCM (i.e.
7e6 and 10e6 cells), we sought to characterize temporal changes in MLO-Y4 net growth upon culture with the lower doses of TCM (i.e.
1e6 and 4e6 cells) (Fig. 3A). MLO populations overall on Days 3 and 5 were significantly larger than those of Day 1 (p = 0.021) (all
TCM treatment and Control biological replicates pooled for each day), indicating initially net growth occurred and then tapered
(Fig. 4B). The Control MLO-Y4s reached the largest population size after 5 days of culture compared to all other treatment groups.
Additionally, overall population growth was significantly impacted by the source and dose of TCM treatment (Fig. 3B). MLO-Y4
populations treated with 1e6 Parental TCM as well as 1e6 Bone-homing TCM all had similar growth trajectories, in which their
growth plateaued by Day 3 of culture. However, on Day 5, MLO-Y4 populations with the 4e6 dose of Bone-homing TCM reverted back
to levels seen at Day 1. Taken together, MLO-Y4s were most impacted by TCM from the Bone-homing MDA variant, thus, in our
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Fig. 3. Temporal MLO-Y4 growth and viability in 3D were impaired most by culture with media conditioned by Bone-homing MDA-MB-231 breast
cancer cells. A) Experimental design schematic to assess temporal MLO-Y4 growth and viability in 3D with exposure to tumor-conditioned media
(TCM) from Parental and Bone-homing MDAs. B) After 1, 3, and 5 days of culture with TCM, overall growth of MLO-Y4 populations receiving
Parental MDA TCM was significantly smaller than that of Control MLO-Y4 populations, as indicated by total DNA content. MLO-Y4 populations
receiving Bone-homing MDA TCM, particularly the 4e6 dose, was further diminished. Data from all replicate experiments pooled together. All
control groups pooled together, as they received the same media. Same letters (A or B) indicate similar mean values, and groupings with different
letters indicate that the difference is significant by post hoc comparison of means following a full-factorial ANOVA [factors: treatment group
(Control, 1e6 Parental TCM, 4e6 Parental TCM, 1e6 Bone-homing TCM, 4e6 Bone-homing TCM), Day (D1, D3, D5)].
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Fig. 4. The mechanoresponse of MLO-Y4s to applied perfusion was diminished by culture with media conditioned by MDA-MB-231 breast cancer
cells. A) Experimental design schematic to assess the impacts of tumor-conditioned media (TCM) from Bone-homing MDAs on MLO-Y4 expression of
bone remodeling genes. MLO-Y4s were cultured with the 1e6 TCM dose from Bone-homing MDAs, and also received 2 bouts of applied perfusion. B)
While rankl and opg individually were unchanged by experimental treatments, rankl:opg was insensitive to loading in the MLO-Y4s receiving Bone-
homing MDA TCM, with no significant loading-induced decreases occurring in TCM treated MLOs. Data from all replicate experiments was pooled
together. *Loaded vs. Nonloaded via 2-way ANOVA.

subsequent fluid flow experiments, we focused on that TCM treatment. Furthermore, we selected the 1e6 TCM dose and a 4-day culture
period to balance TCM-induced alterations to gene expression with significant drops in MLO-Y4 cellularity.

3.3. MLO-Y4 mechanoresponse was diminished with exposure to conditioned media from Bone-homing MDA-MB-231 breast cancer cells

Next, we tested the impact of the lowest TCM dose (i.e., media conditioned by 1e6 tumor cells) from the Bone-homing variant on
the mechanoresponse of MLO-Y4s (Fig. 4A). To explore this, we added Bone-homing conditioned media 24 h prior to the onset of
loading to ensure the TCM would affect the osteocytes prior to treatment with loading. We analyzed gene expression data for key
osteocyte markers rankl, opg, and the rankl:opg ratio. (Fig. 4B). Following applied perfusion during culture with MDA TCM, the
mechanoresponse of MLO-Y4s was modified relative to Control populations. While rankl expression was greatest in the Nonloaded
group receiving Bone-homing MDA TCM, it was not significant. Expression was largely unchanged across all other treatment groups.
Similar to our loading-alone results, opg expression was greatest in the loaded Control MLO-Y4 population, but this upregulation did
not reach significance relative to both the Bone-homing TCM MLO-Y4 population as well as the Nonloaded Control population.
However, rankl:opg was significantly increased for the MLO-Y4 population cultured in Bone-homing MDA TCM compared to the
Control group (p = 0.038). Finally, mechanical loading reduced rankl:opg in the loaded Control population relative to the Nonloaded
Control population.

4. Discussion

To study the impacts of bone metastatic breast cancer on osteocyte mechanobiology, we developed a novel 3D culture platform
using a bone-mimetic scaffold and a perfusion bioreactor. In the current study, we focused on how bone metastatic breast cancer cells
(MDA-MB-231s), including a bone-homing variant, impact osteocyte function. We showed that conditioned media from the MDA-MB-
231 bone-homing subclone was more detrimental to MLO-Y4 growth and viability than that from Parental MDA-MB-231 cells, and the
deleterious impacts were more pronounced with longer culture periods and larger doses of tumor-conditioned media. We then studied
the impact of low-dose conditioned media on the response of MLO-Y4s to applied perfusion, and determined that loading-induced
changes to rankl and rankl:opg gene expression were altered by culture with tumor-conditioned media.

In our scaffold, MLO-Y4 osteocytes remained viable and formed interconnecting dendrites, a result that is similar to other existing
3D osteocyte culture systems, including MLO-Y4s in hydrogels [42,43], IDG-SW3s in hydrogels [44-46], and OCY454s in
collagen-coated polystyrene scaffolds [47]. One limitation of our work is that we utilized early-stage osteocytes, MLO-Y4s, rather than
mature, late-stage osteocytes, such as IDG-SW3s [48], OCY454s [47], or primary osteocytes [49,50]. We chose the MLO-Y4 cell line,
which has been extensively documented as being highly sensitive to fluid flow, so that we could benchmark our 3D results. In response
to 2D unsteady fluid flow, MLO-Y4s readily increased their OPG expression [24,38-41] and decreased their rankl:opg [24,38,41,51,
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52], similar to our current results and to what occurs physiologically [36]. Changes to rankl in 2D using unsteady flow, however, have
been more mixed (increased: [38,39,41]; decreased: [40]; no change: [24]). In our hands, steady flow reduced rankl and rankl:opg,
while pulsatile flow did not. In contrast, pulsatile flow, but not steady flow, only modestly increased opg. This potentially warrants
future investigations to untangle the underlying reasons for the disparate response. Given that our goal is to test the effects of breast
cancer on osteocyte mechanosensitivity and that most bone tissue engineering studies utilize steady perfusion, we opted to utilize
steady perfusion in our subsequent cancer-related studies. In 3D, the response of osteocytes to applied loading has also been mixed.
MLO-Y4s undergoing a shearing stress did not alter their opg or rankl:opg expression [42]. Mechanical unloading (via rotary bioreactor
or suspension) of MLO-Y4s in 3D downregulated differentiation genes (e.g., e11, dmp1) [43]. Similarly, OCY454s increased rankl
expression following unloading [47]. Interestingly, MLO-Y4s in our scaffolds were more responsive to steady flow than pulsatile fluid
flow, and responded primarily through reductions in rankl expression. Physiological fluid flow, particularly in bone, is unsteady. Our
results using MLO-Y4s might be explained by different cell morphologies between 2D and 3D. Cells are arranged in monolayers in 2D,
and become polarized, which does not happen in vivo. In 3D, osteocytes have the freedom to form dendrites in any direction, and may
exhibit a bridging morphology that elicits a different response than that of a flat morphology [53]. Additionally, cells in 2D flow
studies, such as in a parallel plate flow chamber, uniformly experience the same shear stress profile, which is beneficial for controlling
experimental factors, even if it is non-physiological. In our scaffold, the wall shear stress distribution is variable, which could account
for a less strong mechanoresponse from our MLO-Y4 population. One approach to increasing the loading signal could be to increase the
flow rate in the future. Nevertheless, our scaffold supported the formation of interconnecting MLO-Y4 osteocyte dendrites as well as an
appropriate mechanoresponse. Future efforts will include translating this platform for use with late-stage osteocytes and primary
osteocytes to enhance its physiological relevance.

While osteocytes in our 3D scaffold responded as expected to applied perfusion, our scaffold lacks a true lacunar-canalicular
network, which could result in a different mechanoresponse compared to osteocytes within their native environment. To help miti-
gate this limitation, we have verified that the internal wall shear stresses resulting from our perfusion regime (0.3 ml/min inlet flow,
resulting in 100 pm/s inlet velocity) are in the physiological range (~80% of values fell between 1 and 100 mPa; median = 10 mPa) via
full-scale computational fluid dynamics modeling [34]. While these values are lower than those typically applied to MLO-Y4s in 2D [i.
e. 1 Pa peak shear [24,38-41]], we successfully stimulated an anabolic response with perfusion. Future work should include verifying
other known characteristic loading responses, such as a magnitude dose response. Additionally, more work will be needed to assess
cellular attachment to the scaffold as well as the functionality of the dendrites, such as whether hemichannels form, particularly given
their protective role against metastasis [19,54]. It is possible that culturing mature, matrix-producing osteocytes for sufficiently long
periods will form their own lacunar-canalicular network within the scaffold [55,56], overcoming the limitations of our engineered
scaffold.

The vast majority of investigations on the relationship between osteocytes and bone metastatic tumor cells have focused on the
impacts that osteocytes have on breast cancer cell function, and the impacts of mechanically-stimulated osteocytes on tumor cell
function are unclear. Conditioned media from stimulated osteocytes increased [18] or decreased [12,19] breast cancer cell prolifer-
ation, and increased [12,18] or decreased [19,57,58] breast cancer cell migration. Our goal, in contrast, was to investigate how tumor
cells impact osteocytes, specifically their mechanoresponse, as a novel mechanism of tumor-induced bone disease. Others have re-
ported that many bone metastatic cancers, including prostate [23],melanoma [21], and multiple myeloma [20,22,24], are correlated
with altered functions of osteocytes (e.g., their secretome). These results suggest that their mechanoresponsiveness would also be
impacted, but few studies have investigated this explicitly. Using 2D see-saw rocking, we previously showed when Parental
MDA-MB-231 breast cancer cells were also loaded, their conditioned media caused osteocytes to have a limited mechanoresponse [25].
In the future, the impacts of loaded cancer cells should be tested in our 3D osteocyte system as well. In a recent study by the You group,
MLO-Y4s treated with conditioned media from (Parental) MDA-MB-231s showed significant decreases in cellularity with modest
increases in apoptosis [57]. These results differ from ours, where we show that conditioned media from Parental MDA-MB-231s does
not impact MLO-Y4 cellularity, while conditioned media from Bone-homing MDA-MB-231s decreases cellularity. This could be due to
dimensionality, where the MLO-Y4s might behave differently when cultured in 3D as opposed to 2D. It is also possible that differing
conditioned media formulations might cause discrepant effects on osteocyte cellularity. Specifically, our tumor-conditioned media
constitutes 25% of the total media volume(l.e., 25% conditioned media, 75% MLO-Y4 growth media), while the previous study utilized
a 50:50 formulation. From the same group, MLO-Y4s and MDA-MB-231s were co-cultured and treated with low-magnitude high
frequency (LMHF) vibration, and LMHF-activated osteocytes reduced overall cancer extravasation. Further, combined treatment with
Yodal, an activator of the mechanosensitive Piezo 1 channel, increased osteocyte mechanoresponsiveness via increased Ca" response
despite breast cancer cell presence [57,58]. Key differences between the present study and theirs include that we estimated osteocyte
mechanoresponsiveness via different endpoint measures, and the present study focused on a bone-homing sub-clone rather than the
Parental MDA-MB-231 line. In the context of multiple myeloma, another osteolytic cancer, conditioned media was collected from
either multiple myeloma cells or MLO-Y4 cells, which was then used to culture MLO-Y4s undergoing 2D fluid flow [24]. Contrasting
with our results, the mechanoresponse of MLO-Y4s was increased with culture with multiple myeloma-conditioned media. Specif-
ically, tumor-conditioned media stimulated not only greater overall rankl and less opg gene expression, but loading-induced changes to
these genes were also larger. However, these results indicate that the specific type of cancer that has metastasized to the skeleton may
have differing impacts on osteocytes. We also noted an inconsistency in rankl expression between our loading-alone and loading and
conditioned media studies. The latter studies utilized concentrated tumor-conditioned media (DMEM) that was reconstituted in
MLO-Y4 culture media («aMEM); the controls for tumor-conditioned media concentrated DMEM without any cancer cells. It is possible
this difference in media compositions could cause a difference in rankl expressions. One possible way to overcome this is to apply a
higher perfusion flow to increase the signal-to-noise ratio in gene expression. Taken together, these and our results support the
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hypothesis that the osteocyte mechanosensing function is altered in response to breast cancer bone metastasis, and may constitute a
novel mechanism of tumor-induced bone disease.

We observed a disparate response of osteocytes to soluble signals from Parental MDA-MB-231 breast cancer cells versus a bone-
homing subclone created using an established in vivo selection technique [27,33]. Overall, this result was expected because pri-
mary breast cancer is a very heterogeneous disease, and successful metastasis to distant sites depends upon multiple cellular alterations
and genetic programs that arise from the same tumor — that is, the two cell lines exhibit different behaviors [59]. More work is needed
to further characterize the differences between the two cell lines in the context of osteocyte signaling and tumor progression. Addi-
tional studies should also investigate the impact of breast cancer subtype, which is classified based on hormone [estrogen (ER),
progesterone (PR)] receptor and human epidermal growth factor receptor 2 (HER2) receptor status, because prognosis and therapy
response are linked to subtype [60]. Here, we first investigated triple negative breast cancer because it has the poorest prognosis [1]
and the highest metastasis rate after early breast cancer [61]. The MDA-MB-231 cell line is also commonly used to study breast cancer
in vivo and in vitro. Despite clinical differences, bone is the predominant distant metastatic site for all subtypes, signifying the
relevance of studying how various subtypes alter osteocytes and tumor-induced bone disease.

In conclusion, by establishing a new 3D in vitro system, we showed that osteocyte growth, viability, and mechanoresponse were
impaired following culture with breast cancer-derived soluble signals. Further, we showed that a bone-homing subclone was more
detrimental to osteocytes than its parental cell line.

5. Limitations of the study

There are currently several limitations to this study that future work should explore. First, MLO-Y4 osteocytes are early-stage
osteocytes and do not express sclerostin as late-stage osteocytes do [26,62]. The results obtained utilizing this cell line, while valu-
able for comparing to previous studies of MLO-Y4s responding to loading, limit complete understanding of osteocyte-cancer cell in-
teractions as the vast majority of osteocytes are mature and secrete sclerostin. Second, perfusion is widely documented to stimulate a
pro-bone formation response in osteocytes (as reviewed elsewhere), thus the perfusion bioreactor is a suitable system to apply a
mechanical load to cells cultured in a 3D platform. However, recent discoveries have called into question the dominance of fluid
flow-based stimuli. For example, pores in which osteocytes reside behave as stress concentrations under matrix deformation, meaning
the local strains are far higher and likely more important than originally estimated [63]. Additionally, we now know that osteocytes
attach directly to their surrounding bone matrix [64], further implicating the importance of matrix strain [65]. Future work should
investigate both perfusion and matrix strains, perhaps through applied compression, to more closely mimic physiology. The perfusion
applied here was steady, though unsteady signals are required for bone remodeling in vivo. While we chose this regime based on an
initial side-by-side comparison of steady versus pulsatile flow and on steady perfusion being more common in bone tissue engineering
studies, future studies should employ unsteady flow. Lastly, a 3D system is more physiological than a 2D one, and we have extensively
characterized the interior mechanics of our 3D bone scaffolds that attached cells would ‘feel” during experimentation via computation
modeling [34,35,66]. However, it does not mimic the native structure of the lacunar-canalicular network found within bone. Future
studies could compare the performance of vitalized explants to scaffolds to evaluate any potential differences.
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