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Abstract: Estrogen (17f3-estradiol) deficiency post-menopause alters bone homeostasis whereby
bone resorption by osteoclasts exceeds bone formation by osteoblasts, leading to osteoporosis in
females. We established an in vitro model to examine the consequences of estrogen withdrawal
(E2-WD) on osteoclasts derived from the mouse macrophage RAW 264.7 cell line and utilized it to
investigate the mechanism behind the enhanced osteoclast activity post-menopause. We found that
a greater population of osteoclasts that underwent E2-WD contained a podosome belt necessary
for osteoclasts to adhere and resorb bone and possessed elevated resorptive activity compared to
osteoclasts exposed to estrogen (E2) continuously. Our results show that compared to osteoclasts that
received E2 continuously, those that underwent E2-WD had a faster rate of microtubule (MT) growth,
reduced RhoA activation, and shorter podosome lifespan. Thus, altered podosome and MT dynamics
induced by the withdrawal of estrogen supports podosome belt assembly/stability in osteoclasts,
which may explain their enhanced bone resorption activity.
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1. Introduction

The skeleton serves a variety of functions including structural support, protection
of vital internal organs, enablement of movement, and regulation of mineral homeostasis
within the body [1]. Although inert in appearance, bone is a highly dynamic organ that
undergoes remodeling through the orchestrated activities of osteoclasts; the specialized
bone-resorbing cells and osteoblasts; the bone-forming cells. Mature osteoclasts resorb
the bone matrix via the secretion of acid and proteolytic enzymes, forming resorption
pits [2]. Deregulated osteoclast activity results in osteoporosis, a common bone disease that
is characterized by low bone mass, altered microarchitecture of bone tissue, and increased
bone fragility [3,4]. Ata cellular level, osteoporosis results from osteoclastic bone resorption
uncompensated for by osteoblastic bone formation [4]. The shift in the dynamic equilibrium
of bone formation and resorption can be attributed to several factors, notably estrogen
deficiency post-menopause [5].

Estrogen is produced primarily by the ovaries in addition to non-gonadal organs such
as the liver, brain, and bone [6,7]. 173-estradiol (E2), the most prevalent form of estrogen in
premenopausal women, is produced by the ovaries and released to target distal estrogen-
responsive tissues including reproductive and non-reproductive organs. Alternatively,
extra-gonadal-synthesized E2 acts locally to regulate tissue-specific functions [6]. Interest-
ingly, human and rat osteoblastic cell lines express the estrogen synthetase aromatase that
mediates the conversion of androgens to E2 [8-10], suggesting localized E2 synthesis in
bone cells.

To activate signaling pathways, E2 binds to the nuclear estrogen receptors (ER) alpha
and beta (ERoc and ERf3) in the cytoplasm and induces the formation of a homo/heterodimer
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complex of two ERs [11], which translocate to the nucleus to bind at estrogen response
elements (EREs) within target genes [12,13]. In addition to the genomic estrogen-mediated
signaling, E2 exerts rapid effects, within seconds or minutes, through nongenomic signaling.
This occurs via plasma membrane-associated ERs [14] or G-protein-coupled estrogen recep-
tor (GPER1) [15,16] that induces nongenomic effects through intracellular PI3K/AKT and
MAPK signaling, stimulating downstream processes such as cell death, protein synthesis,
calcium release, or the activation of calcium-calmodulin-dependent kinases [14].

E2 is a positive regulator of bone homeostasis, as it slows the rate of bone resorption
and maintains the balance between bone resorption and bone formation [17]. E2 has a pro-
apoptotic effect on osteoclasts, and osteoclast-specific deletion of ERx in mice results in an
increase in the number of osteoclasts and bone mass reduction [18,19]. Mechanistically, E2
stimulates the production of transforming growth factor-betal, which promotes the apopto-
sis of osteoclasts [20-22]. E2 also downregulates the formation of osteoclasts by directly sup-
pressing nuclear factor kappa-B ligand (RANKL)-induced osteoclast differentiation [23-25],
suppressing osteoclast adhesion to the bone matrix [26], and reducing bone resorption
by disrupting the formation of actin-rich sealing zones and podosome density [27]. The
mechanism by which E2 disrupts adhesion and sealing zone formation is unclear; however,
a recent study suggested that E2 inhibits c-Src/Vav3/Racl signaling in osteoclasts [28],
which is necessary for cytoskeletal organization. Given the significant influence of E2 on
bone cells, the marked decline in E2 production by the ovaries in post-menopausal females
is recognized as the major cause of post-menopausal osteoporosis.

The impacts of E2 loss on bone cell formation and function has largely been in-
vestigated using ovariectomized mice models or primary cell lines exposed acutely to
estrogen [18,20,21,29,30]. Estrogen deficiency in vitro can be achieved by pre-treatment of
cells with E2 followed by estrogen withdrawal (E2-WD). Multiple in vitro E2-WD models
in osteoblast and osteocyte cell cultures have been established to study estrogen loss effects
on these cell types [31,32]. For our study, our first aim was to develop a E2-WD system
in vitro using cultured cells to understand both how the presence of estrogen suppresses
osteoclasts and to mimic and understand osteoclast activation after withdrawal (simulating
post-menopause). We used the mouse macrophage RAW264.7 cell line, which robustly dif-
ferentiates into multinucleated osteoclasts upon receptor activator of RANKL stimulation
within 4 days of plating [33]. After establishing a cell culture model where osteoclast activ-
ity was suppressed by E2 and subsequently enhanced upon withdrawal, we investigated
the cellular mechanism(s) behind these estrogen-altering phenotypes.

2. Results
2.1. Continuous Estrogen (E2) Treatment during Differentiation Reduced Multinucleated
Osteoclast Formation and Resorption That Was Reversed Following E2 Withdrawal (E2-WD)

To understand the mechanisms driving osteoclast activation in osteoporosis, we de-
veloped an in vitro estrogen withdrawal (E2-WD) cellular model. In vitro E2-WD models
using MLO-Y4 and MC3T3-E1 cell lines have been established to examine estrogen loss ef-
fects in osteocytes and osteoblasts, respectively [32,34]. To study osteoclasts, we utilized the
immortalized murine RAW 264.7 (RAW) macrophage cell line, which we and others have
shown to respond to RANKL stimulation in vitro to generate functional osteoclasts [35-37].
In our E2-WD model (Figure 1A), RAW cells were stimulated with RANKL and treated
with 10 nM of 17p-estradiol (E2), a concentration within the physiological range in mouse
serum [38] for 2 days (Days 1 and 2), which was followed by withdrawal (ED-WD) for the
subsequent 2 days (Days 3 and 4). On Day 5, cells were fixed and stained for DAPI and
F-actin (i.e., phalloidin) (Figure 1B). There were fewer multinucleated osteoclasts in cells
continuously treated with E2 compared to those in the control group (Ctrl) that constituted
fully activated osteoclasts (Figure 1B). There was also a marked reduction in the number
of nuclei in osteoclasts under continuous E2 treatment compared to that in the Ctrl group
(Figure 1B). Osteoclasts that underwent E2-WD had a greater number of multinucleated
osteoclasts than did those under continuous E2 treatment (Figure 1B). The fusion index (%)
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was determined at Day 5 for each treatment condition, and cells with three or more nuclei
were considered osteoclasts (Figure 1C). The fusion index was significantly reduced (~55%) in
cells continuously treated with E2 compared to Ctrl cells (Figure 1C). In cells under E2-WD,
there was a significant increase in fusion compared to the E2 group (Figure 1C). There was no
impact of continuous E2 treatment or E2-WD on cell proliferation/viability, as the average
number of nuclei per field of view (FO.V.) was similar among all three groups (Figure 1D).
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Figure 1. Osteoclasts undergoing estrogen withdrawal (E2-WD) had a higher fusion index than did
osteoclasts continuously treated with 17(3-estradiol (E2). (A) Schematic of the in vitro protocol used
to generate the E2-WD model. On Day 1, RAW 264.7 cells were plated on 12-well plates in AMEM
containing 25 ng/mL of RANKL only (Ctrl) and together with 10 nM of 173-estradiol on Days 1-5 (E2)
and on Days 1-2 (E2-WD). On Day 3, the medium was replenished with RANKL (Ctr]l and E2-WD) or
RANKL and 10 nM of 17B-estradiol (E2). Experiments were terminated on day 5. (B) Representative
immunofluorescence images of untreated osteoclasts (Ctrl), osteoclasts continuously treated with
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173-estradiol (E2), and osteoclasts that underwent estrogen withdrawal (E2-WD). Cells were fixed
after a 4-day differentiation period and stained with DAPI (nuclei) and phalloidin (F-actin). Ar-
rowheads indicate large osteoclasts. (C) Quantification of the fusion index (number of nuclei in
osteoclasts (>3 nuclei) divided by the total number of nuclei per field of view (FO.V.) for each
condition. (D) Graph showing the average number of nuclei per FO.V. for each treatment. Data
represent the mean £+ SEM from three biological replicates. p-values were calculated using the
one-way ANOVA test followed by Tukey’s multiple comparison test (n > 75, *** p < 0.0001). Scale
bars = 50 um.

We next assayed our model for the impacts of E2 withdrawal on osteoclast activa-
tion, namely bone resorption. We examined this by differentiating RAW cells on calcium
phosphate (CaP)-coated coverslips in the presence of RANKL and with our established E2
treatments. On Day 5, osteoclasts were lifted, and CaP-coated coverslips were stained with
silver nitrate to observe areas resorbed using brightfield imaging (Figure 2A). The average
number of discrete resorption pits per FO.V. were not significantly different between the
three conditions (Figure 2B). However, osteoclasts under continuous E2 treatment had a
significantly smaller average area of resorption pits (Figure 2C) and resorbed a smaller total
area of bone mimetic per EO.V. compared to the Ctrl osteoclasts (Figure 2D). Interestingly,
osteoclasts that underwent E2-WD had a significantly larger average area of resorption
pits (Figure 2C) and resorbed a larger total area of bone mimetic per FO.V. (Figure 2D) in
comparison to the E2 group. The average area of resorption pits (itm?) in fully activated
Ctrl cells versus cells under E2-WD were not significantly different (Figure 2C). Similarly,
there was no significant difference in the total area resorbed per F.O.V. by fully activated
Ctrl cells compared to cells under E2-WD (Figure 2D).
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Figure 2. Osteoclasts under E2-WD exhibited enhanced mineral resorption compared to resorp-
tion by osteoclasts continuously treated with E2. (A) Representative brightfield images of resorp-
tion pits formed by the osteoclasts for each condition. Arrowheads indicate regions of resorption.
(B-D) Graphs displaying the average number of resorption pits (n > 65) per EO.V,, average area of
each resorption pit (um?), and total area of resorption (um?) per EO.V. Data are presented as the
mean £ SEM from three biological replicates. p-values were calculated using the one-way ANOVA
test followed by Tukey’s multiple comparison test (*** p < 0.0001). Scale bar = 100 pm.
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2.2. The Effects of Estrogen on Osteoclast-Specific Gene Expression In Vitro

Next, we examined whether the upregulated osteoclast activity under E2-WD, com-
pared to E2-treated cells could be explained by alterations in osteoclast-specific gene
expression. qRT-PCR was performed on RNA extracted from Day 5 multinucleated os-
teoclasts (after the lifting and removing of mononuclear cells). Transcript levels of RANK,
NFATc1, DC-STAMP, and TRAP were compared between the three conditions, calculated as
the relative difference to GAPDH expression, and normalized to Ctrl osteoclasts. RANK is
a receptor constitutively expressed in osteoclast progenitors that drives osteoclastogenesis
upon binding with RANKL [37,39,40]. Interestingly, the mRNA expression of RANK in
multinucleated osteoclasts under E2-WD was ~2-fold greater than that in multinucleated
osteoclasts with no E2 treatment (Ctrl) (Figure 3A). Furthermore, RANK mRNA expres-
sion in multinucleated osteoclasts under E2-WD was ~3.5-fold greater than that in cells
under continuous E2 treatment (Figure 3A). RANKL binding to RANK activates multiple
signaling cascades to induce NFATc1 expression, the master transcription factor of osteoclas-
togenesis [41-43] that in turn regulates the expression of various osteoclast-specific genes
including DC-STAMP, a key regulator of osteoclast cell—cell fusion [44,45]. We found no
significant difference in the level of NFATc1 or DC-STAMP mRNA expression in multinucle-
ated osteoclasts between the Ctrl, E2, and E2-WD group, although its levels trended higher
in osteoclasts under E2 withdrawal (Figure 3B,C). NFATc1 also regulates the expression of
TRAP, an enzyme secreted by osteoclasts during bone resorption that is a marker of mature
osteoclasts [46,47]. We found a significant increase (~2-fold) in TRAP mRNA expression
in multinucleated osteoclasts under E2-WD compared to osteoclasts under continuous E2
treatment (Figure 3D). Thus, the presence and withdrawal of E2 had impacts on osteoclast
differentiation genes, most notably RANK and TRAP mRNA expression levels.

Together, these findings showed that continuous E2 treatment lowered the fusion
(Figure 1C) and resorption function (Figure 2C,D) of osteoclasts in comparison to osteoclasts
with no E2 treatment (Ctrl). These E2-mediated effects were reverted in osteoclasts under
E2-WD, which showed increased fusion (Figure 1C), mineral resorption (Figure 2C,D), and
osteoclast differentiation markers (Figure 3A,D). Thus, we utilized this E2-WD model for
subsequent experiments to examine the mechanism behind enhanced osteoclast activity
when E2 is experimentally removed.

2.3. E2-WD Shortened Podosome Lifespan and Enhanced Podosome Belt Formation/Stability
in Osteoclasts

We next examined the cytoskeletal machinery that promotes osteoclastic bone resorp-
tion in the presence, or upon withdrawal, of E2. Resorbing osteoclasts formed stable F-actin
structures of a single belt that encompassed the entire cell periphery (Figure 4A) [48,49]. The
large belts are termed the “sealing zone” (when osteoclasts are on bone) or the “podosome
belt” (when osteoclasts are cultured on glass) due to its enrichment of podosomes [49-51].
Podosomes are dynamic F-actin-based structures involved in osteoclast cell adhesion,
migration, and bone resorption and they also assemble into less stable structures called
clusters and F-actin rings (Figure 4A,B) [48,49]. To examine E2 effects on podosome belt
formation/stability, we quantified the proportion of osteoclasts (>3-8 nuclei) with either a
peripheral F-actin-containing podosome belt or “other” (F-actin ring or clusters) podosome
structures, identified using phalloidin staining (Figure 4A). We found that there was a
significantly smaller proportion of osteoclasts under continuous E2 treatment containing
podosomes organized into a belt structure than in the Ctrl condition (Figure 4C). In turn,
continuous E2 treatment induced a greater frequency of osteoclasts with podosomes or-
ganized in F-actin rings or clusters than that observed in the Ctrl condition (Figure 4C).
Interestingly, in osteoclasts that underwent E2-WD, a significantly larger population of
osteoclasts contained a podosome belt than that observed in osteoclasts under continuous
E2 treatment (Figure 4C). Also, there was a significantly smaller population of osteoclasts
with F-actin rings or podosome clusters than that of cells from the E2 group (Figure 4C). The
frequency of osteoclasts containing a podosome belt structure or other podosome structure
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was similar between the Ctrl and E2-WD group (Figure 4C). These findings suggest that
continuous E2 treatment suppressed podosome belt formation/stability in osteoclasts and
that this effect was reversed under E2-WD to levels resembling fully activated osteoclasts
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Figure 3. Increased gene expression of RANK and TRAP in multinucleated osteoclasts under E2-WD
compared to multinucleated osteoclasts continuously treated with E2. (A-D) qRT-PCR analysis of
RANK, NFATC1, DC-STAMP, and TRAP was performed on Day 5 imultinucleated osteoclasts in each
experimental condition. Expression levels were normalized using GAPDH, and the fold-change was
calculated relative to the Ctrl condition. Data represent the mean £ SEM from three independent
replicates. p-values were calculated using the one-way ANOVA test followed by Tukey’s multiple
comparison test (* p < 0.05 and ** p < 0.001).

Next, we examined the resorptive capacity of osteoclasts (total area of podosome belt
or sum of the area of F-actin rings) under the various conditions for cells cultured on glass to
test if the presence of these F-actin structures correlated with our mineral resorption assays
(Figure 2). Consistently, we found that the resorptive capacity of osteoclasts was signifi-
cantly reduced under continuous E2 treatment in comparison to the Ctrl group (Figure 4D).
Furthermore, the resorptive capacity of osteoclasts under E2-WD was significantly greater
than that in the E2 group (Figure 4D), which is in line with the increase in resorptive
function observed for the osteoclasts under E2-WD on bone substrate (Figure 2C,D).
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Figure 4. A greater frequency of osteoclasts with a podosome belt and greater resorption capacity
in osteoclasts that underwent E2-WD as compared to those continuously treated with E2. (A) Rep-
resentative immunofluorescence images of osteoclasts in the Ctrl, E2, and E2-WD conditions. Cells
were fixed after a 4-day differentiation period and stained with phalloidin (F-actin). Green and
red arrowheads indicate osteoclasts presenting belt and other podosome organization (ring and/or
cluster), respectively. Scale bars = 100 um. (B) Representative immunofluorescence images illustrating
the different categories of podosome organization in osteoclasts. Scale bars = 10 um. (C) Stacked bar
graph showing the mean frequency of osteoclasts presenting either belt or other podosome organi-
zation (ring and/or cluster) in the Ctrl, E2, and E2-WD conditions (n > 100 osteoclasts). (D) Graph
representing the resorptive capacity (um?) (area of podosome belt or the sum of the area of F-actin
rings) of osteoclasts under indicated conditions. Data presented are the mean + SEM for three
biological replicates. X2 contingency test (C) and the one-way ANOVA test (D) were performed and
were followed by Tukey’s multiple comparison test (* p < 0.05, ** p < 0.001).

2.4. Osteoclasts under E2-WD Had Lower Levels of Active RhoA Compared to Those Continuously
Exposed to E2

We next examined the activity of the Rho GTPase, RhoA, which is known to regulate
F-actin organization in osteoclasts [52]. Lower levels of active RhoA (i.e., RhoA-GTP)
supports podosome belt formation in osteoclasts on glass surfaces [53,54]. First, we tested
whether total RhoA was altered under E2 and E2-WD conditions (Figure 5A). Total RhoA
was normalized to the GAPDH (loading control) level, and no significant differences in
total RhoA levels were found between the Ctrl, E2, and E2-WD conditions (Figure 5A).
suggesting that E2 is not modulating the expression of RhoA. Next, we examined whether
active RhoA levels differed between cells in the the E2 condition, which showed a sup-
pression in podosome belt assembly/stability as compared to osteoclasts in the E2-WD
condition. To quantify RhoA activation in osteoclasts, we performed a pull-down activation
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assay for GTP-bound RhoA (i.e., active RhoA) and western blot analysis for RhoA-GTP,
total RhoA, and GAPDH (Figure 5B).
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Figure 5. Lower levels of active RhoA in osteoclasts that underwent E2-WD compared to osteoclasts
under continuous E2 treatment. (A) Representative inverted immunoblots and densitometry analysis
of total RhoA normalized with GAPDH using lysates of Ctrl, E2, and E2-WD osteoclasts collected on
Day 5. (B) Representative inverted immunoblots showing active RhoA, total RhoA, and GAPDH
using lysates of Ctrl, E2, and E2-WD osteoclasts collected on Day 5. (C) Densitometry analysis of
active RhoA normalized with total RhoA. Data presented as fold change + SEM from three biological
replicates. p-values were calculated using the one-way ANOVA test, which was followed by Tukey’s
multiple comparison test (* p < 0.05, ** p < 0.001).

Densitometry analysis of triplicate blots and statistical analysis revealed that the
levels of RhoA-GTP (normalized to total RhoA levels) in osteoclasts under continuous E2
treatment were significantly greater (~2.5-fold) than those in cells from the Ctrl condition
(Figure 5C). Interestingly, the level of RhoA-GTP was significantly reduced in osteoclasts
that underwent E2-WD in comparison to the E2 group (Figure 5C). There was no significant
difference in the level of RhoA-GTP between the Ctrl and E2-WD conditions (Figure 5C).
These results suggest that in osteoclasts under continuous E2 treatment, there is increased
levels of activation of RhoA, which is suppressed upon E2-WD.

2.5. Effects of Estrogen on Microtubule (MT) Growth and Podosome Lifespan in Osteoclasts

MT dynamic instability is necessary for podosome formation in adherent macrophages [55]
and proper podosome belt and sealing zone organization since treatment of osteoclasts
with MT depolymerizing (nocodazole) or stabilizing (taxol) drugs leads to podosome belt
disassembly and reorganization into the less resorptive structures: rings or clusters [56,57].
Thus, to analyze MT dynamics in osteoclasts under our E2 conditions, we monitored MT
growth in live cells. We transfected osteoclasts with EB1-eGFP on Day 3 of differentia-
tion and conducted live-cell imaging on Day 5 in osteoclasts (>3-8 nuclei) expressing
EB1-eGFP. Plus-end tracking proteins (+TIPS), such as EB1, accumulate at the growing
plus ends of MTs and also regulate podosome dynamics [58,59]. EB1-eGFP comets in the
osteoclast cytosol showed continuous movements towards the cell periphery indicative of
MT polymerization (Figure 6A and Video S1). Using the TrackMate plugin in Image], we
measured EB1 growth speed and found that the continuous treatment of osteoclasts with
E2 slowed MT polymerization in comparison to osteoclasts in the Ctrl and E2-WD groups
(Figure 6B). In osteoclasts under continuous E2 treatment, the maximum EB1 growth speed
was significantly lower than that in the Ctrl condition (mean 4+ SEM of 0.18 £ 0.0068
compared to 0.21 £ 0.0069 um/s, respectively) (Figure 6B). The EB1 growth speed in os-
teoclasts that underwent E2-WD was on average 0.22 4= 0.0066 pm/s (mean £ SEM) and
was significantly greater than the growth speeds of MTs in osteoclasts from the E2 group
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(Figure 6B). Strikingly, we noticed unique phenotypes in EB1-eGFP comet length across the
Ctrl, E2, or E2-WD conditions. In osteoclasts continuously treated with E2, the EB1-eGFP
comets were noticeably shorter than those under E2-withdrawal conditions and control
osteoclasts, as shown in Figure 6A,C and Video S1. We also observed that EB1-eGFP comets
were significantly longer in osteoclasts that underwent E2-WD as compared to control
osteoclasts (Figure 6A,C and Video S1).
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Figure 6. E2-WD altered MT and podosome dynamics in osteoclasts. (A) Representative immunoflu-
orescence images of osteoclasts expressing EB1-eGFP under various conditions. Inset: enlarged view
of EB1-eGFP comets. Parallel lines indicate the estimated lengths of the EB1-eGFP comets. (B) Graph
representing maximum speed (um/s) of EB1-GFP tracked comets in Ctrl, E2, and E2-WD osteoclasts.
(C) Length of EB1-eGFP comets in osteoclasts under indicated conditions. Each dot represents a MT
plus-end comet (n > 259 individual comet from >14 osteoclasts per condition) from three biological
replicates. (D) Average lifespan of podosomes in osteoclasts under indicated conditions. Each dot repre-
sents a time between appearance and disappearance of LifeAct-RFP-labeled actin podosome (12 > 180
podosomes from 6-8 osteoclasts per condition) from three biological replicates. Data presented are the
mean + SEM (B-D). A one-way ANOVA test was performed followed by Tukey’s multiple comparison
test (* p < 0.05, ** p < 0.001, *** p < 0.0001). Scale bars = 10 um. (E) Schematic of our findings where the
removal of estrogen from cell culture media reduces RhoA activation and increases MT growth rate,
which lowers the lifespan of podosomes to enhance podosome belt assembly /stability in osteoclasts.
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Building on the known link between MT dynamics and podosome life span [60], we
next examined how E2 presence and withdrawal affected individual podosome dynamics.
Podosomes have an average lifespan of 3 min in murine primary osteoclasts [60] and
2.5 min in RAW-derived osteoclasts [61]. Interestingly, as podosomes become incorpo-
rated into podosome belts, their individual lifespan is reduced, and they become further
destabilized [50,62]. We examined E2 effects on general podosome stability by measuring
the lifespan of individual, resolved podosomes within clusters (not associated with an
F-actin ring or podosome belt). To measure podosome lifespan, RAW cells stably expressing
LifeAct-RFP were differentiated into osteoclasts under the Ctrl, E2, or E2-WD conditions,
and live-cell imaging was performed on Day 5 to quantify podosome dynamics. Consistent
with the literature [60], the average lifespan of podosomes under the Ctrl condition was
2.82 £ 0.07 min (mean + SEM) (Figure 6D). In osteoclasts that underwent continuous E2
treatment, the average lifespan of podosomes was 3.49 =+ 0.08 min, which was significantly
longer than that of the podosomes in the Ctrl group (Figure 6D). The average lifespan of po-
dosomes in osteoclasts that underwent E2-WD was significantly reduced to 2.85 & 0.07 min
(Figure 6D). These findings suggest that E2 stabilizes podosomes through the increase in
podosome lifespan, and this effect is lost in osteoclasts under E2-WD.

3. Discussion

In this work, we developed an acute cell culture system to study the cellular mechanisms
driving the estrogen-mediated suppression of osteoclasts and their activity upon estrogen
withdrawal. Previous studies examined estrogen withdrawal impacts on osteoclasts used
primary bone-marrow-derived macrophages (BMDMs) from ovariectomized mice [23,63].
However, primary cells are difficult to extract and have shorter lifespans [64,65]. Further-
more, primary cell-derived osteoclasts are challenging to transfect, hampering in-depth
mechanistic analysis [66]. In contrast, the commercially available immortalized cell line
RAW 264.7 cells are easy to culture and generate large populations of bone-resorbing
osteoclasts in a short span of time [33,67]. Within our minimal and robust 5-day model,
continuous E2 treatment of RAW cell-derived osteoclasts led to a significant decrease in
osteoclast fusion and bone mimetic resorption, consistent with previous research studying
the effects of estrogen on osteoclasts [18,20,21,23,68]. Using a 2-day exposure to physio-
logical E2 levels followed by a 2-day E2 removal led to higher osteoclast formation and
mineral resorption than osteoclasts that underwent continuous E2 treatment, mirroring ob-
served deregulated /hyperactive osteoclast function in osteoclasts under estrogen-deficient
conditions [20,68-70]. Gene expression analysis revealed that the osteoclast differentiation
markers were highly expressed after estrogen withdrawal, in some cases even higher than
that in control cells. While all differentiation markers measured showed the same trends,
some did not reach statistical significance in differences, which warrants future protein
analysis in osteoclasts under the influence of estrogen. Taken together, these data give
us confidence that this is a useful system for the rapid and deep mechanistic analysis of
osteoclast activation upon estrogen withdrawal.

Using live-cell imaging analysis, we observed a shorter podosome lifespan in osteo-
clasts experiencing E2-WD as compared to cells continuously exposed to E2. Others have
shown that as podosomes associate with a podosome belt, their lifespan is reduced, and
they are further destabilized [60,71-73]. These data support our observations and suggest
that E2-WD increases the dynamicity of podosomes, allowing spatial reorganization from
clustered podosomes and rings into a peripheral F-actin-rich podosome belt during osteo-
clast maturation, which correlates with their enhanced resorptive capacity [74]. Consistent
with previous reports, we found podosome organization and turnover to coincide with
changes in MT dynamics and GTP-RhoA levels, which we further speculate together or
independently drive podosome turnover in osteoclasts under E2-WD.

There are conflicting reports on the effects of estrogen on RhoA activation. E2 was
reported to increase RhoA activation in mouse hippocampal cells and human umbilical vein
endothelial cells [75-77]. In osteoclasts, RhoA activity is associated with marked changes in
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cytoskeletal organization and expression of constitutively active Rho-promoted podosome
assembly and bone resorption [78], while inhibiting Rho activity was reported to impair the
formation of podosome ring structures and reduce osteoclast resorptive activity [52,78,79].

Despite the inhibitory effect of E2 on podosome organization and consistent with de-
creased osteoclast resorption activity, E2 appears to stimulate elevated levels of RhoA-GTP.
We found greater levels of active RhoA in osteoclasts under continuous E2 treatment than
in osteoclasts that underwent E2-WD and fully activated control osteoclasts. Our results
agree with observations in osteoclasts in which the inhibition of Rho activity enhanced
podosome belt formation [53,54]. This observation suggests the existence of potential
additional mechanisms that locally regulate Rho GTPase activation near the podosome
or other pathways that diminish RhoA activity towards downstream targets. E2 binding
to ER in human endothelial cells triggers ERx to bind with and activate the G-protein,
Gay3, which in turn activates RhoA [75]. Interestingly, although Go3 is highly expressed
in murine BMDM-derived osteoclasts, its activity suppresses RhoA activation in these
cells [80]. GPERT1 has also been shown to modulate RhoA activity [81,82]. The activation
of GPER1 with the agonists, tamoxifen and G1 in human hepatic stellate cells and human
foreskin fibroblasts, respectively, suppresses RhoA activation [81,82]. Future identification
of the estrogen receptor(s) and RhoA GEFs stimulated in our system will help resolve the
mechanism driving E2-mediated RhoA activation.

We further provide a link between E2 and MT dynamics and podosome turnover in
osteoclasts. Tracking MTs in live cells showed that continuous E2 exposure slowed MT
growth speed and altered the distribution of EB1-eGFP comets at the growing MT tip
as compared to osteoclasts under E2-WD. E2 is known to impact MT dynamics directly,
and it was found that in vitro, purified tubulin treated with 10 nM of E2, similar to the
concentration used in our model, reduced MT polymerization [83]. Furthermore, exposing
human osteosarcoma cells to a E2 derivative (formed by the dimerization of E2) was shown
to result in reduced MT dynamicity, with the speed of MT growth being slowed [84], similar
to what we observed in the EB1-eGFP comets in the continuously E2-treated osteoclasts.
Comet length of EB1 or its homologue EB3 was reported to positively correlate with the
MT growth rate [85-87]. Consistent with our result of shorter EB1-eGFP comets and slower
MT growth speed under E2 conditions, we speculate that E2 exposure would influence the
recruitment of other MT +TIPs proteins that depend on EB1 to localize to the MT plus end
such as CLIP-170 [87,88] and would alter MT interactions with the cell cortex [89,90].

MTs are positive regulators of podosome formation and stability. Inhibiting MT
growth and dynamics with low doses of nocodazole were reported to inhibit podosome
belt assembly in osteoclasts [58] and multinucleated giant cells [91]. Furthermore, in
human peripheral-blood-monocyte-derived macrophages, the contact of MT plus ends
with podosomes was found to induce podosome dissolution [92]. At the molecular level,
EB1 is critical for MT-dependent regulation of podosome dynamics, as it interacts and
forms a complex with the podosome proteins cortactin and vinculin in osteoclasts, and
disrupting MT dynamic instability disrupts complex formation [58]. Binding of the MT
motor KIF1C to non-muscle myosin II is also important for podosome dynamics [92].
Others have shown that faster MT growth speeds are correlated with increased podosome
lifespans in osteoclasts generated from cortactin knockout mice [58]. More in line with
what we observed, deletion of the 3-tubulin isotype, TUBB6, in RAW-264.7-cell-derived
osteoclasts was found to cause reduced a MT growth speed, which was associated with an
increase in podosome lifespan [61].

Based on our findings, we propose a model in which continuous E2 treatments inhibit
podosome belt assembly/stability, with this being reversed in osteoclasts undergoing
E2-WD. E2-WD influences RhoA activation and MT growth, which impact podosome
stability, leading to enhanced podosome belt formation and bone resorption in osteoclasts
(Figure 6E). Further mechanistic analysis of this in vitro cell-culture, post-menopause model
will enhance our understanding of osteoclast activation and allow rapid and affordable
testing for therapeutic interventions for bone-wasting disorders.
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4. Materials and Methods
4.1. Reagents and Antibodies

Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were
purchased from Wisent Inc. (St-Bruno, QC, Canada). Phosphate-buffered saline (PBS),
Alpha Modified Eagle Medium (AMEM), Minimum Essential Medium (MEM) (without
L-glutamine and phenol red) and TrypLE™ Select Enzyme (1x, no phenol red) were
purchased from ThermoFisher Scientific (Waltham, MA, USA). Recombinant receptor
activator of nuclear factor kappa-B ligand (RANKL) was produced from BL21 Escherichia
coli transformed with a pGEX-GST-hRANKL vector (a gift from Morris Manolson, Faculty
of Dentistry, University of Toronto). 173-estradiol was purchased from MilliporeSigma
Canada Co. (Oakville, ON, Canada). Alexa Fluor® 488 phalloidin was purchased from
ThermoFisher Scientific. 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) was
purchased from MilliporeSigma. DAKO Fluorescence mounting media was purchased from
Agilent Technologies Canada Inc. (Mississauga, ON, Canada). RhoA Activation Assay Kit
(Bead pull-down format) was purchased from Cytoskeleton, Inc. (Denver, CO, USA). Goat
anti-mouse horseradish peroxidase (HRP) was purchased from Jackson ImmunoResearch
Laboratories Inc. (West Grove, PA, USA), and anti-GAPDH antibody loading control was
purchased from Abcam (Cambridge, UK). For cell transfection, FuGENE® HD reagent
was purchased from Promega Corporation (Fitchburg, WI, USA). The plasmid expressing
human EB1-GFP (JB131) was a gift from Tim Mitchison and Jennifer Tirnauer (Addgene
plasmid # 39299).

4.2. RAW 264.7 Cell Culture and Osteoclast Differentiation

The RAW 264.7 (RAW) murine macrophage cell line, obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA), was cultured in complete DMEM con-
taining 10% heat-inactivated FBS and maintained in 5% CO; and 37 °C conditions. To
generate osteoclasts, confluent RAW cells were cultured into 12-well tissue culture plates at
an average cell density of 3 x 10* cells/well in AMEM supplemented with 10% FBS. Cells
were stimulated on Day 1 at the time of plating with 25 ng/mL of RANKL and cultured
for 4 days, with media and RANKL replenishment on Day 3. The control group (Ctrl; un-
treated osteoclasts) was prepared as previously stated. The continuous E2 treatment group
(E2) was prepared in the same manner as that of Ctrl; however, 10 nM of 173-estradiol, a
concentration within the physiological range in mouse serum [38], was added each day.
Cells in the E2-WD group, were treated with 10 nM of 17(3-estradiol for 2 days, followed by
washes in AMEM to remove residual traces before cells were grown for additional 2 days
in the absence of 17(3-estradiol. The experiment was terminated, and cells were fixed on
Day 5.

4.3. Immunofluorescence and Fixed Cell Imaging

Cells differentiated on coverslips were fixed in 4% paraformaldehyde (PFA) in PBS and
permeabilized with 0.1% Triton X-100 and 100 mM glycine for 20 min. After fixation and
subsequent washes in 1x PBS, cells were blocked with 5% FBS in PBS for an hour. Cells were
incubated with Alexa Fluor® 488 phalloidin (1:500) in 1% FBS in PBS to label F-actin. Cells
were washed with PBS and with double-distilled water (ddH,0O). Nuclei were stained with
DAPI (1:1000), diluted in ddH,O, washed with ddH,0O, and then mounted onto coverslips
using DAKO. Epifluorescence images were taken with a 40 x 1.4 NA immersion lens using
a Zeiss inverted AxioObserver Z1 microscope (Carl Zeiss Canada, Toronto, ON, Canada)
with an Axiocam 506 mono-camera and configured using Zeiss Zen 3.1 software for image
capture. Image visualization and analysis were performed using Fiji/Image]J version 2.9.0
and 2.14.0 (National Institutes of Health, Bethesda, MD, USA).

Fusion index (%) was calculated by dividing the number of nuclei in osteoclasts
(defined to contain > 3 nuclei) by the total number of nuclei in the field of view. Actin
organization was categorized into a podosome belt, actin rings, and clusters and scored
based on F-actin staining in fixed osteoclasts. Osteoclasts scored as containing a podosome
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belt if showed a continuous row of podosomes at the cell periphery. Osteoclasts with
“other” podosome structures contained podosomes organized into smaller rings and/or
clusters. The resorptive capacity of osteoclasts was measured in F-actin-stained, fixed
osteoclasts. Using the Freehand selections tool in Image], the perimeter of the podosome
belt was manually traced, and the area of the podosome belt was measured and recorded as
its resorptive capacity. For osteoclasts containing multiple actin rings, the area of individual
actin rings was measured as above and the sum of the area of F-actin rings was recorded as
the osteoclasts’ resorptive capacity.

4.4. Biomimetic Calcium Phosphate Substrate, Osteoclast Culture, and Resorption Pit Analysis

To quantify osteoclast resorption activity in vitro, a biomimetic substrate for the inor-
ganic mineral component of bone, hydroxyapatite, was prepared by coating glass coverslips
with a thin layer of calcium phosphate (CaP). The procedure for coating coverslips was
carried out as previously described [93,94]. Briefly, a 2.5 x concentrated simulated body
fluid (SBF) solution was prepared by mixing Tris buffer solution (50 mM), calcium stock
solution (25 mM of CaCl,-2H,0, 1.37 M of NaCl, 15 mM of MgCl,-6H,0 in Tris buffer),
and phosphate stock solution (11.1 mM of NayHPO4-2H,0, 42 mM of NaHCOs in Tris
buffer) in a 2:1:1 ratio. Freshly prepared 2.5 x SBF solution was added to 12-well plates
at room temperature for 2 days, with daily replenishment. A thin layer of CaP formed,
which acted as a nucleation layer for the final calcium phosphate solution (CPS, 2.25 of
mM Na,HPO,4-2H,0, 4 mM of CaCl,-2H,0, 0.14 M of NaCl, and 50 mM of Tris in MilliQ
water; a pH of 7.4). CPS solution was added for 2 days at room temperature. Then, the
CaP-coated coverslips were sterilized by adding 70% ethanol for 20 min, washed twice
with distilled water, and dried inside a 37 °C unhumidified incubator overnight. Prior to
plating, CaP-coated coverslips were equilibrated with AMEM supplemented with 50% FBS
overnight at 37 °C.

The starting density of RAW cells was optimized to achieve an osteoclast differentia-
tion time frame similar to what was observed on glass coverslips. RAW cells were plated
at a cell density of 6 x 10* cells/well in AMEM supplemented with 10% FBS and were
simulated with 50 ng/mL RANKL on Day 1, with media and RANKL replenishment on
Day 3. Cells under E2 and E2-WD conditions were given the same estrogen treatment
regime as mentioned in the earlier cell culture section. On day 5, cells were removed using
2% hypochlorite and then treated with 2.5% (w/v) silver nitrate for 20 min to observe
resorption pits. Coverslips were imaged using a Zeiss AxioObserver Z1 inverted epifluo-
rescence microscope with DIC at 20 x magnification. The number and area of resorption
pits were analyzed using Image].

4.5. Quantitative RT-PCR

RAW cells were plated on 10 cm dishes at a density of 3 x 10* cells/mL, differentiated
and treated with E2 using similar treatments and timeline as described earlier. To examine
alterations in expression of genes in mature, multinucleated osteoclasts, on Day 5, 1 mL
of TrypLE Select (Gibco, ThermoFisher Scientific) was added to remove the less adherent
mononuclear cells before RNA extraction was performed using the PureLink RNA Kit
(Invitrogen, ThermoFisher Scientific). The purity and quantity of RNA were determined
with a DeNovix DS-11FX NanoDrop spectrophotometer/fluorometer (DeNovix Inc., Wilm-
ington, DE, USA) prior to cDNA synthesis. Subsequently, 1 ug of total RNA was used to
generate cDNA using the SuperScript III First-Strand Synthesis SuperMix for quantitative
RT-PCR (qRT-PCR) (Invitrogen, ThermoFisher Scientific) using the primer sets outlined
in Table 1.

gRT-PCR reaction was carried out using PowerUp™ SYBR Green Master Mix (Applied
Biosystems, ThermoFisher Scientific) in the QuantStudio 3 thermal cycler (ThermoFisher
Scientific) with an initial denaturing temperature of 95 °C for 2 min followed by 40 cycles
of 15sat 95 °C, 15 s at 55 °C, and 20 s at 60 °C. Melting curve analysis was completed
with each qRT-PCR run to ensure the absence of nonspecific primer binding. The gene
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expression profile was visualized and analyzed using the Relative Quantification analysis
module on Thermo Fisher Cloud. GAPDH (Real Time Primers, LLC, Melrose Park, PA,
USA) was used as the reference gene. The expressions of genes of interest were presented
as fold changes using the comparative Ct method (2~24¢t). Three independent biological
replicates were performed for each experiment, and each reaction was run in triplicate.

Table 1. Osteoclast-specific and control qPCR primer sequences (5'-3).

DC-STAMP F-TACGTGGAGAGAAGCAAGGAA R-ACACTGAGACGTGGTTTAGGAAT
NFATc1 F-CCCGTCACATTCTGGTCCAT R-CAAGTAACCGTGTAGCTGCACAA
RANK F-CACAGACAAATGCAAACCTTG R-GTGTTCTGGAACCATCTTCCTCC
TRAP F-ACGGCTACTTGCGGTTTCA R-TCCTTGGGAGGCTGGTCTT
GAPDH F-AATGAGCCTTCCTCTGCTCT R-AACTGGCTATTCAGCTGTGG

4.6. RhoA Activation Assay

GTP-bound active RhoA was quantified using the RhoA Pull-Down Activation Assay
Kit according to the manufacturer’s protocol. Briefly, 3 x 10* RAW cells/mL were plated
on 10 cm dishes using similar treatments and timeline as described earlier. On Day 5,
cells were placed on ice, washed once with PBS, and lysed using 50 mM of Tris pH 7.5,
10 mM of MgCl,, 0.5 M of NaCl, and 2% IGEPAL. Lysate was clarified by centrifugation at
10,000 g for 1 min at 4 °C, supernatant collected, and subsequently, the concentration was
determined using the DC protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
About 800 pg of lysates was incubated with Rhotekin-RBD protein beads for 1 h at 4 °C
before rhotekin-RBD beads were pelleted by centrifugation at 5000x g at 4 °C for 1 min,
washed once with wash buffer (25 mM of Tris pH 7.5, 30 mM of MgCl,, 40 mM of NaCl)
and pelleted again at 5000 x ¢ at 4 °C for 3 min. The supernatant was removed, and the
beads were resuspended in 2x Laemmli buffer (BioRad Laboratories Inc., Hercules, CA,
USA) and boiled for 2 min.

Samples were separated on 4-20% Mini-PROTEAN® TGX™ (BioRad) and transferred
to nitrocellulose membranes. Nitrocellulose membranes were then blocked for 1 h in
Tris-buffered saline with 0.1% Tween® 20 Detergent (TBST) containing 5% BSA and probed
with mouse monoclonal RhoA (1:500) and mouse monoclonal GAPDH (1:1000) overnight at
4 °C, washed, and incubated with the corresponding HRP-conjugated secondary antibodies
(1:10,000) for 1 h. Chemiluminescence signals were imaged using a ChemiDoc Imaging
System (Bio-Rad). Densitometry analysis of protein bands from three biological replicates
were measured using Image].

4.7. EB1-GFP Transfection, Live Cell Imaging, and Analysis

On Day 3, differentiating RAW cells plated on 35 mm glass-bottom plates were chem-
ically transfected with a 1.1 pg/dish of EB1-GFP using FuGENE® HD (Promega, WI,
USA). On Day 5, an hour prior to imaging, the medium was replaced with phenol red-free
medium. Osteoclasts were imaged using the Quorum WaveFX-X1 spinning disc confocal
system (Quorum Technologies Inc., Guelph, ON, Canada) with a 63x 1.4 NA oil immersion
lens in 5% CO, and 37 °C conditions. Z-stack time lapse images of osteoclasts (>3-8 nuclei)
expressing EB1-GFP were acquired at 4 sec intervals.

Analysis of EB1-eGFP were performed in cells with comparable expression levels.
Time lapse images were processed in Image] via the tracking of EB1-eGFP comets using
the TrackMate plug-in. Comets with an estimated diameter of 1 um and appearing in at
least two consecutive frames were included. Data on total distance (in pm), maximum
velocity (um/s), mean velocity (um/s), and forward progression of 30 comets/osteoclast
were recorded. Using maximum intensity projections of Z-stack confocal images of live
osteoclasts, the line tool in Image] was used to manually trace the length of EB1-eGFP
comets. The length of EB1-eGFP was measured for at least 259 comets that were chosen



Int. J. Mol. Sci. 2024, 25, 6134

15 of 19

References

randomly in 14-21 osteoclasts from three independent experiments. EB1-eGFP comets
were measured in cells with a low background signal, and only comets that were in focus
for at least two consecutive frames were considered for length analysis.

4.8. Measuring Podosome Lifespan

To visualize the F-actin structures in osteoclasts, Life Act-RFP-stably-transfected RAW
macrophages were plated in 35 mm glass-bottom dishes and treated using similar regimens
and timelines as described above. One hour before live imaging, the medium was replaced
with phenol red-free medium. Osteoclasts were imaged using the Quorum WaveFX-X1
spinning disc confocal system with a 63x 1.4 NA oil immersion lens in 5% CO, and in
37 °C conditions. Time lapse images of osteoclasts (>3-10 nuclei) expressing Life Act-RFP
were acquired at 4 s intervals for 10 min before analysis using Image]J. The lifespan of
individual podosomes (not part of an actin ring or podosome belt) was measured by
the manual tracking of the interval between the appearance and disappearance of the
individual podosomes. The lifespan of 20-30 podosomes per osteoclast was measured, and
6-8 different osteoclasts were included per condition.

4.9. Statistical Analysis

For statistical analysis, in the comparison of three groups or more, a non-parametric
one-way ANOVA test was used and followed by Tukey’s test for multiple comparisons.
The mean =+ standard error of the mean (SEM) was plotted. Prism (version 7.03, GraphPad
Software Inc., La Jolla, CA, USA) was used to conduct the statistical analyses, with p < 0.05
being considered statistically significant.
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