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Abstract

Osteocytes are accepted as the primary mechanosensing cell in bone, but how they translate
mechanical signals into biochemical signals remains unclear. Adenylyl cyclases (AC) are enzymes
that catalyze the production of second messenger cyclic adenosine monophosphate (CAMP).
Osteocytes display a biphasic, CAMP response to fluid shear with an initial decrease in cAMP
concentrations and then an increased concentration after sustained mechanical stimulation. To
date, AC6, a calcium-inhibited AC, is the primary isoform studied in bone. Since osteocytes

are calcium-responsive mechanosensors, we asked if a calcium-stimulated isoform contributes

to mechanotransduction. Using a transcriptomic dataset of MLO-Y4 osteocyte-like cells from

the NIH Gene Expression Omnibus, we identified AC3 as the only calcium-stimulated isoform
expressed. We show that inhibiting AC3 in MLO-Y4 cells results in decreased cAMP-signaling
with fluid shear and increased osteogenic response to fluid flow (measured as Ptgs2 expression)
of longer durations, but not shorter. AC3 likely contributes to osteocyte mechanotransduction
through a signaling axis involving the primary cilium and GSK3p. We demonstrate that AC3
localizes to the primary cilium, as well as throughout the cytosol and that fluid-flow regulation of
primary cilia length is altered with an AC3 knockdown. Regulation of GSK3p is downstream of
the primary cilium and cAMP signaling, and with western blots we found that GSK3p inhibition
by phosphorylation is increased after fluid shear in AC3 knockdown groups. Our data show that
AC3 contributes to osteocyte mechanotransduction and warrants further investigation to pave the
way to identifying new therapeutic targets to treat bone disease like osteoporosis.
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INTRODUCTION

Adenylyl cyclases (ACs) are enzymes responsible for the conversion of adenosine
triphosphate (ATP) into the second messenger cyclic adenosine monophosphate (CAMP)
and they contribute to memory formation, depression, obesity, renal function, cholangiocyte
bile flow detection, and bone mechanotransduction [1-7]. cAMP signaling is highly
compartmentalized [8] and the differential expression and organization of the nine
membrane-bound AC isoforms is important for the varied effect [9]. Activity of ACs are
further regulated in an isoform-dependent fashion by calcium, calmodulin, G-proteins, and
G-protein coupled receptors (GPCRs) [9]. Due to their highly regulated and multifaceted
function, adenylyl cyclases offer a potent avenue for the identification of signaling systems
to target for drug development. Despite this, little is known about what adenylyl cyclases
contribute to osteocyte — bone’s primary mechanosensing cell — function.

Bone is a highly adaptive organ, responding to increased loading with accrual of new bone,
and to decreased loading with resorption of bone. The osteocyte, a full differentiated bone
cell embedded in the mineral matrix, is accepted as a critical bone mechanosensing cell.

In terms of AC’s mechanosensing function, osteocyte research has focused primarily on
the role of adenylyl cyclase 6 (AC6), because it is expressed in an osteocyte cell-line and
localizes to a mechanosensitive organelle, the primary cilium [10]. /a2 vitro, inhibiting AC6
results in an increased flow-induced cAMP production and decreased osteogenic response
[10]. Using a global knockout mouse, loss of AC6 led to decreased load-induced bone
formation. Since osteocytes are calcium-responsive mechanosensing cells [11], it is logical
that a loss of ACS6, a calcium inhibited isoform, would result in a loss of the initial
decrease in cAMP levels with fluid flow. But after longer durations of fluid-flow, cAMP
levels increase while osteocytes exhibit repeated calcium spikes [11,12]. Therefore, we
hypothesized that a calcium-stimulated AC also contributes to osteocyte mechanoresponse.
In fact, inspection of the NIH GSE dataset GSE70667 [13], the only calcium-stimulated
isoform expressed by MLO-Y4 cells, an osteocyte-like cell line, is AC3 (see supplemental
Figure 1).

AC signaling can affect osteocyte mechanotransduction through several pathways. cCAMP is
a potent regulator of the primary cilium, an antenna-like mechanoresponsive organelle that
may be a key contributor to osteocyte function [14,15]. Cells with longer primary cilia have
a greater osteogenic response to fluid shear [16] and primary cilia have a distinct cAMP pool
from the cytosol [17]. Downstream of primary cilia signaling is protein kinase A (PKA),
which is composed of two regulatory and two catalytic subunits. Both types of subunits
come in a variety of isoforms leading to a diversity of actions [18]. Constitutively active
PKA in osteocytes and mature osteoblasts results in increased bone formation rates, and
enhanced cortical and trabecular bone properties [19]. Due to the diversity of PKA enzymes,
studying downstream effectors, Creb and GSK3, which are important transcriptional
regulators in bone [20-22], allows us to probe this signaling cascade.

In this work we determine if the calcium-stimulated AC3 contributes to osteocyte
mechanotransduction and if the primary cilium is implicated in this function. We examine
this using an osteocyte-like MLO-Y4 cell line and murine histological immunostaining.
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Changes in the expression levels of Pfgs2, encoding for a rate-limiting enzyme in the
production of PGE,, are used to quantify mechanoresponse to fluid shear application
[23,24]. The goal of this work is to shed light on how adenylyl cyclases contribute to bone
mechanotransduction.

MATERIALS AND METHODS
Cell Culture and AC3 siRNA-mediated knockdown

MLO-Y4 cells were cultured as described by Rosser and Bonewald [25]. Cells were plated
on Type I collagen (Corning, 354236) coated dishes or glass slides. Cells were maintained
in MEMalpha containing 2.5% FBS, 2.5% CS and 1% P/S (Gibco, 15140122) and passaged
to limit confluence below 80%. An siRNA-mediated knockdown was used to inhibit AC3
production. Cells (1.25 million) were suspended in BTXExpress electroporation buffer with
7.5 pL of 20 uM of each of two Adcy3 siRNAs (Mss200418 and Mss200419, ThermoFisher
Scientific) or 15 pL of 20 uM medium GC-content negative siRNA control (ThermoFisher
Scientific, 12-935-300). The cell suspension was electroporated with a single 300 V,

100 Q, 1000 pF pulse on ECM 630 Electroporation System (Harvard Apparatus) with

4 mm electroporation cuvette (Harvard Apparatus, 45-0126). Electroporated cells were
immediately resuspended in culture medium and divided between ten large glass microscope
slides (Fisher Scientific, 12250B). Culture medium was refreshed within 24 hours.

Fluid Flow Application

Dynamic fluid flow was applied with a previously described custom parallel-plate fluid-flow
chamber [10,15,16]. Oscillatory fluid flow was applied at 1 Hz with a peak shear stress of

1 Pa. For gene expression quantification, flow was applied for 2, 15, 30, or 60 minutes and
samples collected after a total of 60 minutes. For CAMP quantification, flow was applied

for 2 or 60 minutes and samples were collected immediately after. Fluid flow was applied
for one and two hours for immunostaining and western blotting, respectively. Static samples
were assembled into flow chambers for an equal duration of time.

Gene expression

Total RNA was isolated using a phenol-chloroform extraction with TRI reagent
(Sigma-Aldrich, 93289). RNA concentration was quantified on a NanoDrop 1000
spectrophotometer and 2 ug of RNA was used for reverse transcription with High-
Capacity Reverse Transcription Kit (Applied Biosystems, 4368813). Real-time quantitative
PCR was performed on cDNA using ABI Prism 7900 Sequence detection system and
quantified using the standard curve method. We used Life Technologies primers for

AC3 (Mm00460371_m1), PTGS2 (Mm00478374_m1) and endogenous control GAPDH
(4352339E).

Immunostaining and Microscopy

Cells were washed in cold PBS and fixed with 10% neutral buffered formalin. Ulnae were
dissected from 16-week-old C57BL6/J mice, fixed for 48 hours in 4% paraformaldehyde,
and decalcified in 10% EDTA for two weeks. Paraffin embedding and sectioning were
performed by the histology core at Columbia University Herbert Irving Comprehensive
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Cancer Center. All animal use was approved by Columbia University’s IACUC. Cell and
tissue samples were similarly immunostained. Samples were permeabilized in 0.01% Triton
X-100, and blocked with 1% w/v BSA (Sigma-Aldrich, A2058) and 10% normal goat
serum (R&D Systems, S13195) in PBS (1X). Primary and secondary antibodies were
diluted in blocking solution and applied for 1 hour at room temperature or overnight at

4 °C. Primary antibodies against AC3 (rabbit polyclonal, diluted 1:500, Abcam, ab175093)
and acetylated alpha tubulin (mouse monoclonal from ECACC C3B9 hybridoma cell line
00020913, diluted 1:10). Secondary antibodies, Alexa Fluor 488 goat ant-mouse (Invitrogen,
A11029) and Alexa Fluor 568 goat anti-rabbit (Invitrogen, A11036), were diluted 1:200.
NucBlue (Invitrogen, R37606) was used as a nuclear counterstain. Samples were mounted
with Prolong Gold antifade mountant (Invitrogen, P36930).

Confocal images were collected on an Olympus Fluoview FVV1000 microscope with
40x UPLFLN oil immersion objective (N.A. 1.30). Images were process with the

F1JI distribution of ImageJ. Maximum projection z-stacks of raw /n vitro image data
were created. Histological samples were deconvolved using plugins DeconvoleLab2 and
PSFGenerator [26]. Orthogonal projections of individual osteocytes were projected for
visual inspection.

For quantifying primary cilia length, images were acquired on an Olympus 1X81 microscope
with a U-RFL-T mercury lamp, Hammamatsu C10600-10B camera, and DAPI and GFP
filter cubes. At least five images were collected from the middle third of the microscope
slide using a 40x UPlan FLN 0.45 NA dry objective. Primary cilia length was measured
manually using the segmented line tool in ImageJ. Measurements from each micrograph of
the same flow sample were pooled and the average length calculated.

cAMP Quantification

Immediately after fluid shear, cells were washed in cold PBS, incubated in 0.1 M HCI

and lysed. Samples were centrifuged at 1,000 x g for 10 minutes at 4 °C and supernatant
collected. cAMP ELISA was performed according to manufacturer’s instructions (Cayman
Chemical, 581001) and cAMP levels were normalized to sample protein concentration
(ThermoScientific Pierce BCA Protein Assay Kit, P123227).

Western Blots

After fluid shear, each slide was washed in cold PBS and protein isolated with 0.6 mL
RIPA buffer (Santa Cruz Biotechnology, SC-24948) supplemented with 10 pL/mL each of
PMSF, sodium orthovanadate, and protease cocktail inhibitor (Santa Cruz Biotechnology,
sc-24948). Protein was concentrated using an acetone precipitation and were resuspended
in 60 pL of sample buffer (26.5 mM Tris HCI, 35.25 mM Tris Base, 0.5% LDS,

0.128 mM EDTA at a pH of 8.5 supplemented with 5 pL/mL each of PMSF, sodium
orthovanadate, and protease cocktail inhibitor). Protein concentration was determined

as for CAMP ELISA. The NuPage XCell 1l system was used for running the gel
electrophoresis of 15 g of reduced samples on a NUPAGE Novex 4-12% Bis-Tris Gel
(Fisher Scientific, NP0321) and blot transfer to PVDF paper (Invitrolon, Fisher Scientific,
LC2005). Gel electrophoresis was run at 200 V with MOPS running buffer (NP0001)
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until the loading dye reached the bottom of the gel (about 50 minutes) with WesternC
Precision Plus Protein Ladder (Bio-Rad, 161-0385). Gel transfer was performed at room
temperature for one hour at 30 V. Blots were blocked in 5% nonfat dry milk (Bio-

Rad, 170-6404) in tris buffered saline (Fisher, BP-2471) with 0.1% Tween20 (Fisher,
BP337). Primary incubation was conducted overnight in 1% nonfat dry milk solution.
Primary antibodies were phospho-CREB (1:600, Invitrogen, PIPA585645), Creb1 (1:750,
ProteinTech, 12208-1-AP), phospho-GSK3p (1:1000, ProteinTech, 14850-1-AP), GSK3p
(1:1000, ProteinTech, 22104-1-AP), and GAPDH (1:10,000, ProteinTech, 60004-1-1g).
Secondary antibodies were HRP-goat anti-mouse (ProteinTech SA00001-1), HRP-goat anti-
rabbit (ProteinTech SA00001-2), and StrepTactin HRP-conjugate (0.33 uL/10 mL, Bio-Rad,
1610380). Enhanced chemiluminescence detection was performed (Clarity ECL, Bio-Rad
170-5061) and imaged on a FujiFilm LAS-4000 system. Images were analyzed in ImageJ
to quantify the intensity of each band after background subtraction and normalization to
GAPDH.

Statistical Analysis

Data are represented as mean * standard error measure. Statistical analysis was carried

out in GraphPad Prism 5. One-way ANOVA was used to determine if there was a
significant difference between the means followed by Bonferroni's multiple comparison
test. One-way two-sided student T-tests were used to determine if flow/static or knockdown/
control normalized samples were significantly different from 1. Statistical significance was
determined at a= 0.05.

RESULTS

AC3 contribution to MLO-Y4 mechanosensing

AC3 expression levels were reduced by 45% after siRNA-mediated knockdown (Figure
1A). Ptgs2 expression, a measure of osteogenic response to fluid shear, was unchanged
with AC3 knockdown (Figure 1B) in static samples. There was no difference between
control and AC3-knockdown groups in static normalized Ptgs2expression at 2, 15, and 30
minutes of fluid shear (Figure 1C). After 60 minutes, there was a significant increase in the
flow-induced fold-increase of Pfgs2expression in AC3-knockdown samples (3.73 + 0.27)
compared to controls (2.59 + 0.19).

cAMP Response to fluid shear

In static conditions, CAMP concentration (pmol cAMP/microgram total protein) was 0.24

+ 0.05 for control and 0.14 + 0.03 for AC3 KD samples. While lower for AC3 KD, this

was not statistically significant. Fold-change in CAMP levels after 2 minutes of fluid shear
remained suppressed in AC3 KD (0.42 + 0.14) compared to controls (0.79 + 0.15) and was
statistically lower after 60 minutes with an AC3 KD group fold-decrease of 0.29 + 0.08, and
a control group fold-increase of 1.19 + 0.33.

AC3 localizes to the osteocyte primary cilium and regulates length

Immunostaining revealed that AC3 localizes to the primary cilium, as well as throughout the
cytosol, in MLO-Y4 cells and osteocytes in murine long bone (Figure 3A), indicating it can
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contribute to both cytosolic and ciliary cAMP pools. Primary cilia lengths were measured

in static conditions and after one hour of dynamic fluid flow. There was no difference in
length between statically cultured control -- 1.39 + 0.09 pm — and AC3 KD — 1.48 + 0.08 um
—samples (Figure 3B). With fluid flow, the primary cilium length shortened by about 20%
with an AC3 knockdown, while there was no significant change in the control group (Figure
30C).

Activation of downstream cAMP targets

Activation of Creb and GSK3p were investigated as downstream targets of cAMP and
primary cilia signaling (Figure 4). Between static and flow samples for both control and
AC3 KD groups, there was no significant difference in Creb expression, though the AC3 KD
group had a greater variance. With flow there was a significant increase in phosphorylated
Creb in the control group and was just beyond the threshold for significance in the AC3
KD group (p = 0.066), but between groups there was no difference. Total GSK3p protein
content increased with fluid flow in the AC3 KD group, and was significantly different
than the levels in control flow cells. Since the total amount of GSK3p varied between
groups, phosphorylated GSK3p was normalized to GAPDH. With dynamic flow, we found
a significantly higher level of GSK3p phosphorylation in AC3 knockdown samples, but
neither control nor knockdown flow-to-static normalized phosphorylation was statistically
different from unity.

DISCUSSION

We found that AC3, as a calcium-stimulated AC in a highly calcium-responsive
mechanosensing cell, acts to down-regulate mechanoresponse to dynamic flow of a longer
duration. Overall, cytosolic cCAMP was reduced with an AC3 mRNA knockdown, regardless
of mechanical stimulation. There was also a flow-induced decrease in the knockdown group
primary cilia length, which is highly regulated by cAMP. It is unclear what sub-cellular pool
of cCAMP AC3 is responsible, but we found that AC3 localizes both to the primary cilium
and cell body.

One possible way AC3 could down-regulate osteogenic signaling is by inhibiting GSK3p
through the action of PKA. Although GSK3p levels increased with flow with an AC3
knockdown, GSK3p phosphorylation was also significantly increased. Because GSK3p
leads to the degradation of B-catenin, its inhibition by phosphorylation would allow -
catenin to accumulate in the nucleus, and cause an upregulation of osteogenic signaling
[27]. B-catenin signaling has been implicated in bone cell mechanotransduction [24] and
osteogenic differentiation [28]. In addition, Ift88, critical for primary cilia formation, is
shown to regulate B-catenin activity in the growth plate [29]. The primary cilium, AC3,
GSK3p and B-catenin may form a potent osteogenic signaling axis.

One limitation of this work is that the AC3 mRNA knockdown was modest (45%). Despite
this there were significant effects of AC3 on osteocyte mechanosensing that may become

more apparent with a more efficient inhibition. AC3 is amenable to CRISPR/Cas9 deletion
[30] and an AC3-floxed mouse for use in a Cre-Lox system has been developed [31]. This
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work motivates future studies utilizing these tools to fully understand AC3 contribution to
bone cell mechanobiology.

Compared to GSK3p, we found no change in Creb expression or phosphorylation with an
AC3 KD, despite a reduction in cCAMP levels. Creb phosphorylation was observed in porcine
kidney cells after persistent elevation in cAMP signaling [32]. It is possible that Creb
phosphorylation is AC3 independent or that the knockdown was insufficient to alter this role
of AC3. Only control samples had a statistically significant increase in Creb phosphorylation
compared to static conditions, so a potential role of AC3 in Creb mechanoregulation cannot
be ruled out.

Understanding ACs role in bone biology provides a promising pathway to develop new
therapeutics, but targeting ACs directly is not likely due to their diverse roles. While

this study suggests an osteogenic potential of inhibiting AC3, its inhibition in other
contexts has been linked with decreased memory formation [7], anosia [33], depression-like
symptoms [2], and weight gain [34]. AC activity is highly regulated and dependent on
co-localization with other proteins, like GPCRs. GPCRs offer a more diverse landscape to
target therapeutically, and may limit off-target complications. Therapeutics targeting GPCRs
represent a large proportion (about 34%) of all FDA-approved agents [35]. Furthermore,

in osteocytes, the loss of the G-protein stimulatory subunit, Gg, results in osteopenia

[36], indicating this is a viable path to develop a new therapeutic target for osteoporosis.
Discovering which ACs are critical for osteocyte mechanobiology and identifying what
GPCRs they colocalize with will narrow the pool of potential therapeutic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. AC3 is the only calcium-stimulated adenylyl cyclase isoform osteocytes
express.
. Inhibition of AC3 leads to untampered osteocyte mechanoresponse.
. Inhibition of AC3 reduces cAMP production in response to fluid shear.
. AC3 localizes to the primary cilium /n vitro and in vivo.

. AC3 contributes to fluid shear regulation of primary cilia and GSK3beta.
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Figure 1:

AC3 inhibition results in increased osteogenic response to fluid shear. (A) AC3 knockdown
resulted in a significant decrease in gene expression (N=7 experimental repeats with an
average knockdown created from 3-4 control and knockdown samples per experiment). (B)
In static samples, Ptgs2 gene expression is unchanged. (C) Dynamic fluid-flow resulted in
an increased expression of Ptgs2in the AC3 KD group relative to controls only after 60
minutes of flow (C). Statistical analysis included a one-sample t-test (A), unpaired t-test (B),
and 1-way ANOVA followed by Bonferroni's multiple comparison test (C). +++ p < 0.001.
*** p < 0.001 compared to control of same flow duration. N = 6-11 from three experimental
repeats for 2, 15, and 30 minutes of flow, and N = 16-18 from four experimental repeats for
60 minutes of flow.
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Figure 2:

CAMP levels are reduced with an AC3 knockdown. (A) Static CAMP levels, while
diminished in AC3 knockdown samples, were not statistically different from control. (B)
After fluid flow application, static normalized flow samples were lower in AC3 knockdown
samples, though only significantly reduced after 60 minutes of fluid flow. N=6 samples.
Data analysis included a t-test (A) and 1-way ANOVA followed by Bonferroni's multiple
comparison. ** p < 0.01 between control and AC3 KD. + p <0.05 and ++ p < 0.01 for
one-sample t-test of flow/static normalized cAMP levels compared to one (i.e. no change
with flow).
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Figure 3:

A(933 localizes to the primary cilium and contributes to flow-induce ciliary regulation.

(A) Immunostaining revealed that AC3 localizes to the primary cilium in MLO-Y4 cells
and murine long-bone osteocytes. NucBlue was used to stain the nucleus. Anti-acetylated
alpha-tubulin marked the primary cilium and an anti-AC3 antibody was used to detect
AC3 localization. /n vitroimages are confocal maximum projections and /7 vivo images
are maximum projections from deconvolved confocal microscopy data. Scalebar = 5 pm.
(B) Static primary cilia length is similar between control and AC3 knockdown groups. (C)
Primary cilia shorten with flow in knockdown cells, while there is no significant change in
control. N = 6. **p< 0.01 between experimental groups. + p < 0.05 for one-sample t-test of
flow/static normalized length to one (i.e. no change with flow).
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Figure 4:
Loss of AC3 alters GSK3p regulation (A) There was no difference in the total content of

Creb, but there was greater variance in the AC3 KD group. (B) Flow caused a significant
increase in Creb phosphorylation in the control group (+++ p < 0.001), but not with a
knockdown (p = 0.066). (D) There was no difference in the total Gsk3p content in static
samples, but with flow the amount of GSK3p increased in the knockdown group (* p <
0.05 from control flow. + p < 0.05 from AC3 KD static). (E) Flow-induced fold-change in
GSK3p-phosphorylation was not affected by flow application, but was significantly different
with AC3 KD (* p < 0.05). One-way ANOVA followed by Bonferroni Multiple comparison
tests were performed. One-sample two-sided t-test were performed on static-normalized
flow data with a theoretical mean of one. Data (N = 5-6) are from three independent
experiments with one western blot shown (C,F). Full blots are shown in supplemental
material.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2022 October 08.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell Culture and AC3 siRNA-mediated knockdown
	Fluid Flow Application
	Gene expression
	Immunostaining and Microscopy
	cAMP Quantification
	Western Blots
	Statistical Analysis

	RESULTS
	AC3 contribution to MLO-Y4 mechanosensing
	cAMP Response to fluid shear
	AC3 localizes to the osteocyte primary cilium and regulates length
	Activation of downstream cAMP targets

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:

