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The temporal dynamics of calcium signaling are critical regulators of chondrocyte homeostasis and chondro-
genesis. Calcium oscillations regulate differentiation and anabolic processes in chondrocytes and their pre-
cursors. Attempts to control chondrocyte calcium signaling have been achieved through mechanical
perturbations and synthetic ion channel modulators. However, such stimuli can lack both local and global
specificity and precision when evoking calcium signals. Synthetic signaling platforms can more precisely and
selectively activate calcium signaling, enabling improved dissection of the roles of intracellular calcium ([CaZ*];)
in chondrocyte behavior. One such platform is hM3Dq, a chemogenetic DREADD (Designer Receptors Exclusively
Activated by Designer Drugs) that activates calcium signaling via the Gaq-PLCp-IP3-ER pathway upon adminis-
tration of clozapine N-oxide (CNO). We previously described the first-use of hM3Dq to precisely mediate tar-
geted, synthetic calcium signals in chondrocyte-like ATDCS cells. Here, we generated stably expressing hM3Dq-
ATDCS cells to investigate the dynamics of Gag-GPCR calcium signaling in depth. CNO drove robust calcium
responses in a temperature- and concentration-dependent (1 pM-100 pM) manner and elicited elevated levels of
oscillatory calcium signaling above 10 nM. hM3Dq-mediated calcium oscillations in ATDCS5 cells were reliant on
ER calcium stores for both initiation and sustenance, and the downregulation and recovery dynamics of hM3Dq
after CNO stimulation align with traditionally reported GPCR recycling kinetics. This study successfully gener-
ated a stable hM3Dq cell line to precisely drive Gag-GPCR-mediated and ER-dependent oscillatory calcium
signaling in ATDCS cells and established a novel tool to elucidate the role that GPCR-mediated calcium signaling
plays in chondrocyte biology, cartilage pathology, and cartilage tissue engineering.

1. Introduction Several mechanosensory pathways have been implicated in

mechanically-induced [Ca®']; signaling within chondrocytes (e.g.

Chondrocytes, the resident cell population within articular cartilage,
are responsible for maintaining tissue health and homeostasis in
response to both mechanical loads and soluble signaling factors [1].
Despite being characterized as non-excitable cells, one factor common in
the response of chondrocytes to such stimuli is the reliance on calcium
(Ca®") as a second messenger [2,3]. Chondrocytes, and their precursors,
exhibit a range of intracellular Ca?t ([Ca2+]i) signaling behaviors, and
the modulation of these [Ca2+]i signals are critical to the regulation of
chondrogenesis [4-6], differentiation [7,8], cell survival [9,10] and the
metabolic responses necessary for the proper development [11], main-
tenance [12], and engineering of cartilage tissue [3,13].

In general, chondrocyte [Ca®"]; signaling is mediated by ion chan-
nels and receptors that drive cytosolic Ca®" increases through Ca®"
influx from the extracellular space and/or intracellular stores [14,15].

compression, shear, fluid flow, hydrostatic pressure, and osmotic
load-driven) [16-19]. Predominately, these mechanical perturbations
activate the transient receptor potential vanilloid 4 (TRPV4) ion channel
through membrane stretch [20,21]. However, a number of endogenous
signaling compounds also regulate chondrogenic processes via their
ability to modulate [Ca®*]; signaling through ion channels, G-protein
coupled receptors (GPCRs), tyrosine kinase receptors, etc [22—,23,24].
Additionally, pharmacological agents have been developed to specif-
ically target endogenous Ca®*-regulating transducers with the goal of
activating chondrocyte [Ca®']; signaling for basic science, disease
modifying, and tissue engineering purposes (4a-PDD, RN1734, and
GSK1016790A are examples that signal through TRPV4 activation)
[20]. Lastly, chondrocytes (and their precursors) exhibit spontaneous
[Ca?*]; signaling behaviors in the absence of external perturbations
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[25].

One recently discovered regulator of chondrogenesis and chon-
drocyte homeostasis is oscillatory [Ca2']; signaling. Healthy chon-
drocytes and their precursors exhibit robust oscillatory Ca®* signaling
behaviors [11,26]. High-frequency, high-amplitude Ca®* oscillations
support differential regulation of effector proteins and transcription
factors that encode complex chondrogenic signaling behaviors [27-30].
During cartilage development, high-frequency Ca?" oscillations are
associated with increased SOX9 expression, cell proliferation, and
extracellular matrix production [31-34]. Stimulation of oscillatory Ca®t
signaling through TRPV4 activation accelerates collagen deposition by
mesenchymal stem cells adhered to aligned patterned surfaces [35].
Ca?" oscillations have also been detected in mature chondrocytes in
response to a variety of exogenous stimuli and tend to promote matrix
anabolism over catabolism, and enhancement of mechanical properties
[36-39]. These underlying oscillatory [Ca®"]; signaling behaviors are
reliant upon intracellular Ca2*stores [40], and are modulated by
numerous regulatory mechanisms (i.e., Ca%t pump activity, Ca?* store
refilling, signaling molecule metabolism and recycling, protein binding,
etc.) [2,41-44].

Collectively, the literature clearly establishes the importance of
[Ca%*]; signaling dynamics in the proper control of cartilage develop-
ment, chondrocyte adaptation and homeostasis, and that experimentally
controlling dynamic Ca®' signaling in chondrocytes can enhance
biosynthetic and material property outcomes in native and engineered
cartilage [3,13,15,45,46]. And while the field of chondrocyte biology
has sought to leverage control of different endogenous signaling path-
ways to interrogate the influence of [Ca2*]; signaling pathways on
chondrogenesis, cartilage development, and chondrocyte/cartilage ho-
meostasis [3,13,15,45], such ‘physiologically-mediated’ [Ca®"]; ma-
nipulations are restricted to a rather small range of targets for which
there exists concerns over specificity and precision. For example, me-
chanical stimulation can target multiple mechanosensitive components
simultaneously, some of which are not Ca?* selective [47,48], while the
use of biomolecules, both synthetic (e.g. GSK101) or natural (e.g. His-
tamine, PTH, etc.), to target endogenous signaling pathways carries the
risk of significant off-target effects [49,50].

To overcome such limitations, and to more precisely dissect the role
of specific Ca?"-mediated signaling processes in chondrocyte biology,
we recently described the use of a chemogenetic platform, termed
designer receptors exclusively activated by designer drugs (DREADD), to
drive [Ca?*]; signaling in a chondrocyte-like cell line in a highly-
specific, and fully-synthetic manner [51]. DREADDs encompass a fam-
ily of engineered G-protein coupled receptors (GPCRs) molecularly
evolved to exhibit significantly greater affinity for the pharmacologi-
cally inert compound, clozapineN-oxide (CNO), than their native
endogenous ligand, acetylcholine [52]. GPCRs signal through second
messenger pathways associated with four G-protein alpha subunits (i.e.
Gas, Gag/11, Goas3, and Ga;), which together constitute the largest
family of membrane-bound signal transduction proteins and represent
~34 % of all clinical drug targets [53-56]. DREADDs for Gos-, Gay-, and
Goag-coupled GPCRs have been developed based off of mammalian
metabotropic (muscarinic) cholinergic receptors [57]. Gos (rM3Ds) and
Ga; (hM4Di/KORD) DREADDs indirectly modulate [Ca2+]i signaling
through the adenyl cyclase-cyclic AMP (cAMP) pathway [58]. In
contrast, hM3Dq (a Gag DREADD) can directly regulate [Ca2+]i
signaling through the ubiquitous Gog-PLCB-IP3 pathway and IP3-me-
diated release of Ca®* from the endoplasmic reticulum (ER) [59]. This
pathway is one of the most commonly utilized calcium release mecha-
nisms in cells [60], and is intimately associated with chondrocyte
mechanotransduction [61] and oscillatory [Ca2+]i signaling behaviors
[62]. Thus, hM3Dq represents an innovative tool for specifically and
synthetically regulating GPCR-dependent [Ca’']; signaling, and
Gog-dependent signaling more generally, having been leveraged with
transformative success in the neurological sciences [63,64] and to
control the metabolic activity of a number of non-neuronal cell types (e.
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g., liver, kidney, pancreas) [65-67].

Our previous work established the ability of hM3Dq to safely drive
CNO-mediated activation of [Ca”]i signals within chondrocyte-like
ATDCS cells and represented the first application of chemogenetic ap-
proaches to musculoskeletal tissues [51]. However, that study utilized
transient transfection of an HA-tagged protein, which supported only
moderate (~40 % efficacy), short-term expression of the hM3Dq protein
(~5 days), limiting the ability to conduct long-term studies of
hM3Dq-mediated Ca®" activation on chondrocyte metabolism/homeo-
stasis. In the present study, we address these limitations by generating
an ATCD5 cell line stably expressing a mCherry-tagged hM3Dq and
leveraged it to analyze CNO-mediated Ca®" signaling behaviors. Criti-
cally, we identified that CNO could drive, in a dose- and
temperature-dependent manner, the coordinated and widespread gen-
eration of rapid primary [Ca?']; peaks in hM3Dq cells, which were
subsequently followed by sustained, cell-autonomous oscillatory Ca**
signals in a high percentage of hM3Dq cells, and were reliant upon ER
Ca?* refilling and PLCB-driven IP3 generation/modulation. Overall, this
work demonstrated the facile ability to precisely and synthetically drive
Gag-PLCP-IP3-dependent signaling cascades and induce ER-dependent
Ca?* release through activation of the hM3Dq DREADD in
chondrocyte-like cells, providing a novel platform for studying GPCR
function and Ca?* signaling within chondrocytes and their precursors.

2. Methods
2.1. Stable hM3Dq-mCherry-ATDC5 cell line generation

hM3Dq-mCherry was cloned out of the pAAV-Tight-PTRE-hM3Dgq-
mCherry plasmid (Addgene, #66795) and into a pCDH-CMV-MCS-
EFla-Puro lentiviral vector (Systems Bioscience Inc.) [performed by
Aldevron, Fargo, ND] (Fig. 1A). The resulting lentiviral construct,
pCDH-CMV-hM3Dg-mCherry-EFla-Puro, was co-transfected into
HEK293TN cells (cultured in 1:1 Dulbecco’s Modified Eagle Medium/
Ham’s F12K [DMEM/F12] + 10 % fetal bovine serum [FBS] + 1X
penicillin-streptomycin [PS]) with the necessary lentiviral packaging
and envelope plasmids, psPAX2 and pCMV-VSV-G (Addgene, #12260
and #8454, respectively), to create hM3Dq-mCherry lentiviral particles
(Fig. 1B). Viral particles were collected and used immediately for
transduction or stored at —80 °C. Chondrogenic ATDC5 cells (Lonza)
were cultured in complete growth media (consisting of 1:1 DMEM/F12,
5% FBS, 1X PS) for 72-hs before lentiviral transduction. ATDC5 cells
were transduced for 24 -hs, hM3Dg-mCherry expression confirmed via
fluorescence microscopy and assessment of CNO-stimulated Ca?*
response, and polyclonal populations of ATDC5-hM3Dq-mCherry cells
(hM3Dq ") were generated and maintained via continuous puromycin
selection (10 pg/mL) (Fig. 1C).

2.2. Image acquisition and experimental design

Cells were plated in coverglass-bottom dishes at 10,000 cells/cm?
24-hs prior to Ca®* imaging. Samples were stained with 5uM Fluo-8AM
+ 0.02 % Pluronic F-127 for 30 min at 37 °C, washed 3x in Hank’s Basic
Salt Solution (HBSS) and transferred to a Zeiss AxioObserver.Z1 Apo-
tome.2 with a temperature-controlled incubation chamber. Each sample
was imaged for 15-min, with the first 5-min used to establish baseline
signaling, before pharmacological stimulation was applied, and the
subsequent CNO-mediated response over the remaining 10 min. Imaging
was performed at 25°C and 37 °C for the dose response experiments,
and at 37 °C for all other experiments. All studies were performed in
Ca?* replete media unless noted otherwise.

2.2.1. CNO dose response

hM3Dq" cells and wild-type (WT) ATDGS5 cells were stimulated with
a single dose of CNO diluted in HBSS at concentrations ranging from
1pM to 100pM (10712-107*M). From this data a dose curve was
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Fig. 1. Stable hM3Dq-mCherry-ATDC5 Cell Line Generation and Ca®* signal analysis. A. The hM3Dg-mCherry DREADD receptor was cloned out of the pAAV-Tight-
PTRE-hM3Dg-mCherry plasmid and into the pCDH-CMV-MCS-EFla-Puro lentiviral vector via restriction enzyme digest. B. The resulting pCDH-CMV-hM3Dg-
mCherry-EFla-Puro lentiviral construct was co-transfected into HEK293TN cells with psPAX2 and pCMV-VSV-G lentiviral packaging and envelope plasmids using
PureFection Transfection Reagent. C. hM3Dq-mCherry lentiviral particles were collected and transduced onto ATDC5 cells for 24 h. hM3Dq-mCherry expression was
confirmed via fluorescence microscopy and subsequent assessment of CNO-stimulated Ca®* response, and polyclonal populations of ATDC5-hM3Dq-mCherry cells
(hM3Dq " cells) were generated via continuous selection with 10 pg/mL puromycin. D. A representative Fluo-8AM Ca*" signal trace for a hM3Dq" ATDCS5 cell
highlighting the CNO-evoked primary (1°;i.e., the first detected Ca>" peak after CNO administration) and secondary (2°; subsequent peaks/oscillations) [Ca®'];
signaling behaviors. Peak start and end times were defined as the timepoint three frames to the right, or left, of each peak’s ‘threshold’ inflection point, respectively;
peak duration was defined as the time between peak end- and start-times. Peak rise (green shading) and fall (blue shading) times were calculated with respect to the
maximal peak intensity timepoint. Peak height (red line) was defined as the total height relative to the intensity at the peak start timepoint. Inter-peak period was
defined as the time between the maximal signal intensities for two ‘neighboring” peaks. Often, after the addition of CNO (at 300 s), a minor fluctuation in fluorescent
signal was observed due to optical aberrations, but these could be easily distinguished from the CNO-evoked Ca*" signaling behaviors. An inset of Fluo-8AM stained
hM3Dq " ATDCS cells captured approximately 30 s following CNO administration illustrates the widespread and coordinated eliciting of [Ca®']; signaling within

hM3Dq *-cells by CNO.

constructed and the ECsg was determined. Subsequent studies were
performed at concentrations ranging from ~1 to ~200-times the ECsq
concentration (1X to 200X respectively). Additional samples were
exposed to either 10 nM GSK101 (ThermoFisher), or 50 % hypo-osmotic
shock (50 % dilution of HBSS with deionized water), since both up-
regulate Ca?" entry into ATDC5 cells through mechanisms involving
the Ca2* channel TRPV4 (GSK101 is a small molecule agonist of TRPV4,
and hypo-osmotic shock via membrane stretch activation of TRPV4 and
calcium-induced-calcium-release) [17,45,68].

2.2.2. Ca®" signaling pathway inhibition

To identify intra/intercellular signaling pathway contributors to the
initial and oscillatory Ca®* signaling behaviors of CNO-activated cells,
hM3Dq" cells were incubated with a variety of inhibitors targeting Gog-
and paracrine-mediated Ca2" signaling pathways. For targeted intra-
cellular pathway inhibition: 10puM Xestospongin C (IP3 receptor
antagonist, Cayman Chemical; AnnArbor, MI), 1puM thapsigargin
(sarco/endoplasmic reticulum Ca?t-ATPase [SERCA] antagonist,
Cayman Chemical), 10 pM GF109203X (PKC antagonist, Enzo Life Sci-
ences; Farmingdale, NY), 10 pM U-73122 (PLCf antagonist, Tocris) were
utilized. Inhibitors were applied 30-minutes prior to stimulation with
200X CNO. Because pre-inhibition of hM3Dq™ cells with thapsigargin
completely abolishes hM3Dq-mediated ER Ca®" release [69], we per-
formed a timed inhibition study, in which thapsigargin or U-73122 was
applied ‘simultaneously’ with 200X CNO; nota bene: in these ‘simulta-
neous’ studies, inhibitors were applied 10 s following CNO addition to
limit their influence on the primary CNO-evoked ER Ca®" release. For
targeted intercellular pathway assessment: 10 pM Apyrase (ATP/ADP
hydrolysis, Sigma), 10 pM PPADS (P2X receptor antagonist, Tocris),
10 pM AR-C 118925XX (P2Y receptor antagonist, Tocris), Ca?t-free
HBSS (extracellular calcium depletion, Sigma), 5 pM gadolinium chlo-
ride (non-selective calcium channel antagonist, Sigma), and 10 pM
GSK205 (TRPV4 antagonist, EMD Millipore; Burlington, MA) were uti-
lized. Additionally, [Ca"]; responses were assessed in a ‘mixed’ popu-
lation of cells consisting of hM3Dq+ cells and WT-ATDCS cells (mixed at
a 1:1 ratio) to interrogate paracrine-based Ca®* signal activation of
non-hM3Dg-mCherry-expressing cells following activation of hM3Dq"
cells.

2.2.3. Refractory behavior

To identify the time course for reactivation of Ca%' signaling in
hM3Dq" cells following CNO activation (i.e., their refractory behavior)
cells were first stimulated with CNO and imaged as described above.
Cells were then washed twice with fresh HBSS, and re-stimulated 15-
min, 30-min, 1-h, 4-hs, or 24-hs after the first CNO dose; this process
was repeated for a third dosing.

2.3. Signal and data analysis

A custom MATLAB program was developed to extract [Ca®"]; signals

from individual cells within each image series (Fig. 1D). A calcium peak

was defined as an increase in a cell’s Fluo-8AM fluorescence intensity
greater than 3 standard deviations its baseline (average of first 5-mi-
nutes) fluorescence. The population response was defined as the per-
centage of cells exhibiting at least one calcium peak following
stimulation. From these Ca2" signals, the first peak detected immedi-
ately after addition of CNO was identified as the primary CNO Ca®*
response, and all subsequent peaks were labeled as secondary or oscil-
latory responses. The percentage of cells responding with 1 peak, >2
peaks, and >9 peaks after stimulation, and the temporal properties
(peak duration, rise, fall, and period times, and amplitude) of each
calcium peak were determined. Statistical analysis was performed in
GraphPad Prism v8 (GraphPad Software; La Jolla, CA). Data outliers
were identified using the ROUT method (robust regression and outlier
removal) [70]. t-tests, one-way (single CNO stimulation) and two-way
ANOVAs (repeated CNO stimulation) with Tukey’s post-hoc tests, and
regression analysis (linear and non-linear) were performed where
appropriate. All data are presented as mean + range. The threshold for
statistical significance was set at a multiplicity correct p-value of p <
0.05.

3. Results
3.1. Confirmation of stable hM3Dgq-mCherry expression in ATDC5 cells

Fluorescent visualization of mCherry-tagged hM3Dq confirmed
successful expression of hM3Dq in ATDCS5 cells following transduction;
mCherry signals were not observed in non-transduced (WT) ATDCS5 cells
(Fig. 2A & B). ~97 % of transduced and continuously selected cells
expressed hM3Dq-mCherry (versus 0% in WT cells, Fig. 2G;
193.8 +95.7 cells/replicate, n = 3 replicates/cell line; cells shown at 10
days post-transduction). Structured illumination microscopy (STIM)
confirmed both diffuse membrane localization and punctate clustering
of mCherry-hM3Dq in hM3Dq ™ cells (Fig. 2D).

3.2. Population dynamics of CNO-mediated Ca®* responses in h(M3Dq*+
cells

In the absence of CNO, WT cells and hM3Dq™ cells exhibited infre-
quent, spontaneous activations of [Ca®T; signaling (Fig. 3A, Supple-
mental Video 1; ~1% to 12 % of cells), and limited oscillatory cat
signaling behaviors (less than 1% showed >1 Ca?' peak; Fig. 3B).
Treatment of WT cells with CNO did not alter Ca®* signaling behaviors.
It is noteworthy that in WT cells, spontaneous Ca®* signaling was
slightly higher at 37°C than 25°C, consistent with temperature-
dependent effects on chondrocyte Ca* signaling [71,72].

In contrast, hM3Dq " cells stimulated with CNO exhibited robust
[Ca2+]i activation, eliciting immediate primary Ca?* activation peaks
typically followed by oscillatory Ca®* signaling (Supplemental Video 2).
The percentage of hM3Dq" cells that evoked a primary, CNO-mediated
Ca?* peak increased in a dose-dependent manner at 25°C and 37 °C
(Fig. 3A; 136.5 + 32.7 cells/experiment), with ECs¢’s of ~5.1 nM and
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illumination microscopy (STIM) imaging (at 63x magnification) highlighted the plasma membrane and intracellular vesicle localization of the mCherry-hM3Dq
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~2.6nM, respectively. While the percentage of responding cells satu-
rated (>95 %) above 10nM CNO for both 25°C and 37 °C, their
response diverged at low CNO concentrations. For <1 nM CNO, hM3Dq "
cells displayed only infrequent spontaneous Ca2t signaling at 25°C
(~10 % of cells), whereas the percentage of responding cells was
significantly elevated at 37 °C (~24 % to 43 %). A dose-dependent effect
was also observed for the percentage of cells exhibiting >2 peaks
following CNO treatment (Fig. 3B). The ECs( for multiple Ca** responses
were ~6.2nM and ~5.1nM for 25°C and 37 °C, respectively, with a
slightly higher percentage of cells exhibiting multiple responses at 37 °C.
Maximal primary CNO-mediated Ca®" activation in hM3Dq™ cells were
comparable to those elicited by GSK101 and 50 % hypo-osmotic shock
stimulation—established activators of Ca®" signaling in ATDC5 cells;
however, these Ca?* activators produced far smaller percentages of cells
exhibiting oscillatory signaling behavior compared to CNO (Supple-
mental Fig. 1).

3.3. Temporal dynamics of CNO-mediated Ca?" responses in hM3Dq"
cells

Looking at Ca®" signaling behaviors at 37 °C, CNO administration
elicited extensive oscillatory Ca" signaling activities in hM3Dq" cells

log [CNO]
EC,,=6.120nM EC,, = 5.139nM

peak response saturated at >95 % of hM3Dq™"
cells at both temperatures. The ECsy for sec-
ondary [Ca*"]; signal generation (2" peaks) by
CNO were ~6.1nM at 25°C and ~5.1nM at
37°C, and a slightly higher secondary [Ca®'];
signal response was found at 37° C for high
CNO concentrations (<10® M). All data are
presented as mean =+ range. * indicates statisti-
cally significant difference between hM3Dq"
response at 25°C and 37°C for the indicated
CXNO concentration; p < 0.05, t-test.

(Fig. 4). Below 10 nM, CNO administration evoked on average 1.5 Ca*
peaks in responsive hM3Dq" cells, whereas under saturating CNO con-
centrations (10 nM-100 pM) the average number of Ca®* peaks varied in
a biphasic manner, increasing to a maximum number of oscillations at
0.1-1 pM before decreasing at higher CNO concentrations (Fig. 4A; in
one case, 26 oscillations were observed over 10-minutes in a single cell
following 1 pM CNO addition, see Fig. 4B & Supplemental Fig. 2). At
25 °C, the average number of Ca®" peaks elicited by CNO increased in a
linear manner with CNO concentration, to an average of ~2 (Supple-
mental Fig. 3). In all cases, the intensity of the primary CNO evoked Ca®*
peak (~35 a.u.) was larger than the intensity of subsequent peaks, and
oscillatory peak heights diminished linearly with peak number (down to
~3 a.u.; Fig. 4B). WT cells administered similar CNO levels occasionally
exhibited one (median value), and no more than three, spontaneous
Ca* peaks, with peak intensities between ~10—15 a.u.

Analysis of the temporal dynamics of CNO-driven Ca®* signaling in
hM3Dq" cells revealed an inverse relationship between CNO concen-
tration and primary Ca2t peak duration (Supplemental Fig. 4A) and
CNO evoked primary Ca?* peaks tended to be of shorter duration at
physiological temperatures (p <0.001, for slope). At the lowest con-
centration tested (1 0 12M CNO) peak durations ranged from 225s at
37 °Cto 350s at 25 °C, and decreased to ~50—100 s, respectively, at the
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Fig. 4. Average CNO-activated Ca>* responses A. Number of peaks elicited as a
function of CNO dose. Below 10nM, the number of peaks evoked by CNO
administration to hM3Dq* ATDC5 cells appeared flat (~1 to 2 peaks per cell,
average = ~1.5). Above 10 nM the number of peaks evoked showed a bi-phasic
behavior, with a maximum average of ~3.5 per cell at 100 nM, then decreasing
at higher CNO concentrations. B. [Ca®']; peak intensities as a function of
evoked peak number After the induction of a very-large initial (i.e., primary)
CNO-induced Ca*" peak (~35 a.u.) in hM3Dq" ATDGS5 cells, the intensity of
subsequent oscillations (i.e., secondary peaks) decreased monotonically with
peak number. In hM3Dq* cells, oscillatory [Ca?*]; peak intensity dropped to
~3 a.u., or <10 % of the first peak’s intensity. The intensity of [Ca2+]i peaks in
WT ATDC5 cells, which reflect only low-level spontaneous Ca®" signaling,
ranged from 10-15 a.u., and were consistent with the intensity of early CNO
activated [Ca®"]; oscillations in hM3Dq™" cells. Note: The median number of
Ca’* peaks observed in WT cells was one (1), with a maximum of three (3). C.
Inter-peak period (i.e., time between peaks) as a function of evoked peak in-
terval. Average inter-peak period decreased monotonically in hM3Dq™ cells
with secondary/oscillatory peak number, from a maximum of ~140s to a
plateau of ~25s. The peak periods noted on the graph correspond to the in-
terval between two subsequent peaks (i.e., interval 2 = between peak 2 and 3).
All data are presented as mean + range, and the data fits shown as either spline
(A), linear (B) or exponential decay (C) curves with their 95 % confidence in-
tervals. Data for B and C were derived from CNO responsive hM3Dq™ (or WT)
gells across all testing concentrations.

<

highest CNO concentration (10* M). In contrast, spontaneous Ca%*
signaling dynamics appeared unaffected by CNO or temperature in WT
cells, exhibiting consistent peak duration times of ~50—110s. Similar
quantitative behaviors were observed for the rise and fall times of the
CNO-evoked primary Ca?t peaks (Supplemental Fig. 5). In hM3Dq"
cells, the temporal dynamics of oscillatory Ca®' signaling were
remarkably insensitive to CNO concentration (Supplemental Fig. 4B).
On a population basis, the dynamics of Ca?" signaling were far more
variable at lower CNO concentrations (Supplemental Fig. 6). Following
CNO administration, the average time between subsequent (oscillatory)
CaZ* peaks (period) decayed monotonically, from a maximum of ~140's
between the first and second peak to ~25s between later peaks
(Fig. 4C). Based upon these data, we chose a CNO concentration of
500 nM (200X), balancing high oscillatory peak induction percentages
and oscillation numbers, to conduct further studies of CNO-evoked
oscillatory Ca?* signaling behavior in hM3Dq* ATDCS5 cells at 37 °C.

3.4. Ca®' signaling pathway inhibition

Inhibition of intracellular pathways implicated in Gog-mediated
Ca%t signaling downstream of hM3Dq (PLC, IP3R, and ER-mediated
Ca%" storage/release) prior to 500nM CNO addition abolished all
hM3Dq-dependent Ca?t responses, including both primary peak and
oscillatory signaling; only infrequent spontaneous Ca2" signaling was
observed. However, when thapsigargin or U-73122 was applied simul-
taneously with CNO addition (and in the presence of extracellular ca®h),
initial Ca®* peaks were preserved, but all secondary oscillations abol-
ished (Fig. 5A). Additionally, inhibition of PKC significantly reduced the
number of multiple signaling events, but not primary Ca?* activations
(Fig. 5B, p=0.0536).

Inhibition of putative intercellular signaling mechanisms in hM3Dq™*
cells (extracellular ATP signaling, P2Y [ATP-sensitive Gog-coupled
GPCR], and P2X [ATP-sensitive cation channel] individually), were
unable to prevent oscillatory signaling in response to 500 nM CNO
(Fig. 5C). However, when these inhibitors were combined, significant
reductions in the number of cells responding with >2 peaks and >9
peaks were observed, dropping from ~52 % to ~25-30%, and from
~14 % to ~3—5%, respectively. Removal of extracellular Ca®*, broad
inhibition of membrane Ca®* channels, or inhibition of TRPV4 (an ion
channel potentially regulated downstream of Gog-GPCR signaling),
moderately suppressed the number of cells responding with >2 peaks
(~55 % to ~34—41%), but not >9 peaks in hM3Dq+ cells (Fig. 5D).
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Fig. 5. Influence of Ca®* signaling pathway inhibitors on CNO-evoked primary and secondary [Ca®*]; signaling responses in hM3Dq* ATDC5 cells. In response to
500 nM CNO administration, >90 % of hM3Dq" cells elicited a CNO-driven primary Ca®* peak, ~50 % two or more peaks, and ~14 % nine or more peaks (indicated
as respective grey shaded regions in A-D). A. Pre-treatment of hM3Dq " cells with Gay-GPCR signaling pathway inhibitors (Thapsagargin, U-73122, or Xestospongin
C) completely abolished Ca" responses elicited by CNO; however, simultaneous addition of such inhibitors with CNO only blocked subsequent CNO-mediated Ca®"
oscillations, but not the initial CNO Ca*" peak. B. Pre-inhibition of PKC (GF109203X) attenuated CNO-mediated Ca" oscillations, but not primary CNO Ca" peaks.
C. Inhibition of individual ATP signaling components (apyrase, PPADS, AR-C 118925XX) did not attenuate the CNO-mediated Ca" response or oscillatory signaling
behaviors. However, combined inhibition of ATP receptor signaling significantly reduced the number of cells exhibiting two or more peaks (p =0.0154 and 0.0361).
D. Inhibition of extracellular calcium entry pathways did not attenuate CNO-mediated primary Ca>* responses, but modestly attenuated the population of cells
exhibiting 2%, but not 9" peaks. All data are presented as mean = range; the grey shaded region and their black lines indicate the respective data range and mean for
the control hM3Dq" cells treated with 500 nM CNO. * indicates p < 0.001 compared to 500 nM CNO control; one-way ANOVA w/ Tukey post-hoc.

To confirm that Ca®* oscillations observed upon CNO administration
were not driven by paracrine signaling mediators, hM3Dq™" cells were
mixed 1:1 with WT cells and this mixed population stimulated with CNO
at 37 °C. As expected, only 50 % of the cells in this mixed population
expressed mCherry-hM3Dq (confirmed via fluorescence microscopy;
Fig. 6A), and the population of cells that responded with primary peaks

absence of CNO (p > 0.5, all concentrations), indicating a refractory
period between 30 and 60 min.

4. Discussion

Directed activation of Ca?" signaling in chondrocytes and their

and oscillatory Ca?* signaling in response to 2.5nM (1xIC50) and
500nM (200xIC50) CNO was reduced by 50 % relative to a pure
hM3Dq" population (Fig. 6B, C). Only cells that were mCherry™" (i.e.,
hM3Dq" cells; Fig. 6D, E) responded to CNO administration with coor-
dinated [Ca2+]i peaks and oscillations; WT cells only exhibited infre-
quent CaZ* signals consistent with spontaneous Ca" activation.

3.5. Reactivation and refractory behaviors

Assessing the Ca?" response of stably transduced hM3Dq" cells to
sequential CNO washout and re-stimulation demonstrated a significant
attenuation of CNO-mediated Ca®" activation (refractory behavior) at
short re-stimulation times (30-minutes or less; Fig. 7). At 5 (2X), 50
(20X), and 500 nM (200X) CNO, the percentage of cells reactivated by
CNO 15 min after an initial stimulation was consistently less than 50 %
of the initial response percentage (p<0.0001). Increasing the duration of
the recovery period demonstrated that near-100 % recovery of coordi-
nated hM3Dqg-meidated signaling could be achieved following 1 h in the

precursors via mechanical forces and soluble factor signaling constitute
potent means of regulating chondrocyte proliferation, differentiation,
homeostasis, matrix metabolism, and mechano-adaptation for both
basic science and tissue engineering/regeneration purposes [3,24,
73-75]. Numerous endogenous Ca®" signal transduction mechanisms
present targets for controlling chondrocyte gene expression, matrix
production, and other metabolic profiles [6,12,35,39,45]. However,
co-opting endogenous transduction targets for such purposes carries
concerns regarding risks of physical cellular damage (e.g., mechanical
loading approaches) and/or non-specific/off-target pharmacological
side effects (e.g., small drug or biomolecular approaches) [49,50,76,77].
Instead, targeting Ca®" activation through genomically-encoded, yet
synthetic means can minimize such concerns while offering the preci-
sion needed to dissect the role of Ca®" regulation in cartilage homeo-
stasis, disease etiology, and tissue engineering/regeneration.

In pursuit of this goal, the present study demonstrated the facile
ability to engineer the immortalized chondrocyte-like ATDC5 cell line to
stably express the chemogenetic, CNO-responsive DREADD hM3Dgq.
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Fig. 6. CNO-evoked [Ca®']; signals in mixed expression cultures of hM3Dq" and WT ATDC5 cells (mixed 1:1). A. Visual quantification of hM3Dq" receptor
expression confirmed ~50 % mCherry-hM3Dq expression in these mixed expression populations. Stimulation of mixed expression populations with CNO (2.5 or
500 nM) resulted in ~50 % reductions in the number cells exhibiting CNO-driven B. Primary [Ca®*]; peaks and C. Secondary [Ca®*]; peaks (each response was
reduced to half of the 100 % hM3Dq" relative to the 100 % WT responses). D & E. Cells that responded to CNO in mixed expression cultures were almost exclusively

hM3Dq*; >95 % of responsive cells were hM3Dq", <5% of WT cells exhibited a single primary spontaneous [Ca

2+]i signal and <1% of WT cells exhibited two or

more Ca®t peaks. Data are presented as mean =+ range; * indicates p < 0.05 compared to respective 100 % hM3Dq ™ control and # indicates p < 0.05 compared to

respective 100 % WT control, one-way ANOVA.

This research built directly upon a prior study demonstrating the
feasibility of synthetically activating the innate Gog-PLCB-IP3-ER
pathway to drive [Ca2+]i activation in ATDC5 cells via transiently-
expressed hM3Dq and its ligand, CNO [51], while addressing limita-
tions and gaps in knowledge associated with the preceding study. In our
stable line, >97 % of lentivirally transduced cells expressed
mCherry-hM3Dq, as confirmed by fluorescent imaging, with strong re-
ceptor presence at the plasma membrane and within punctate vesicles in
the cell, in agreement with cellular targeting of hM3Dq and GPCRs [78].
The presence of less than perfect transduction efficiency in continuously
selected cells might be attributable to limitations associated with fluo-
rescent imaging-based confirmation [79] or genetic drift [80]; none-
theless, functional hM3Dq expression was robust, with >95 % of
hM3Dgq-transduced cells being responsive to CNO. Activation of
[Ca2+]i signaling in hM3Dq+ ATDCS5 cells occurred in a rapid, coordi-
nated, and CNO dose-dependent manner. In contrast, non-transfected
WT cells were irresponsive to CNO; all observed WT [Ca2+]i activa-
tions were likely attributable to infrequent and spontaneous ion channel

opening [81].

Our studies indicated an influence of temperature on primary
hM3Dq" cell activation (a ~50 % lower primary [Ca®'T; peak ECso was
observed at 37 °C compared to 25°C, and faster Ca2+ signaling dy-
namics were seen). More interestingly though, hM3Dq" cells were more
responsive to very-low concentration CNO (1—-100pM) at 37 °C than at
25 °C, an effect not observed in unstimulated hM3Dq " or WT cells. This
temperature-dependent elevation in hM3Dq™ Ca%* response at low CNO
concentrations might be attributable to interactions between protein
kinase C (PKC) and TRPV4. PKC is a kinase activated downstream of G-
mediated signaling [54], while TRPV4 is a Ca%*-permeable channel that
mediates trans-membrane Ca2* flux [72]. TRPV4 displays Boltzman’s
distribution-like activation at temperatures between 25°C and 41 °C
[82], and PKC-mediated phosphorylation of TRPV4 can shift its tem-
perature sensitivity lower, resulting in ‘heat hyperalgesia’ [83]. One
might speculate that sub-threshold hM3Dq activation—at agonist levels
insufficient to drive [Ca®']; signaling through IPs-mediated Ca®*
release—could potentially drive PKC-mediated TRPV4 sensitization [84,
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Fig. 7. Refractory behavior of CNO-mediated [Ca®"]; signaling hM3Dq" ATDC5 cells. At 2, 20, and 200 times CNO’s ECso concentration, hM3Dq signaling fully
recovered following 1 h of CNO washout (panels A-C, respectively). Note: the 4- and 24 -h refractory groups (*) were removed from the incubated microscope stage
and placed in a 37°C cell culture incubator in-between CNO doses, and thus represent unpaired tests. Data are presented as mean + range; Dose 1 is displayed as the
average of all samples’ 0 min values; # indicates p < 0.05 from the respective initial (0 min) baseline activation control; two-way ANOVA w/ Tukey post-hoc.

85]. The mechanisms underlying synergism between temperature and
hM3Dq activation of [Ca2+]i, especially at low CNO concentration,
represents an area of future study.

In quantifying hM3Dq*-mediated [Ca®']; signaling kinetics, we
identified an inverse relationship between CNO concentration and pri-
mary [Ca®"]; peak duration and magnitude. At low CNO concentrations,
Ca?* peaks were typically less coordinated and longer in duration; as
CNO concentration increased, peak duration decreased as a result of
reductions in both signal rise and fall time, behaviors that were not
observed for the secondary/oscillatory peaks. CNO-evoked primary
[Ca%*]; peak heights were, on average, double those of spontaneous WT
[Ca2+]i activations and their durations two to four times that of spon-
taneous [Ca2"]; activations. Following primary peak generation, often
extensive oscillatory Ca* signaling behaviors were observed (upwards
of 60 % of cells), and with increasing secondary peak number oscillatory
peak height and duration approached those of spontaneous WT [Ca®*];
activations.

Through a battery of Ca®* pathway inhibition studies we demon-
strated that hM3Dg-evoked [Ca*]; signaling is primarily driven though
IP3-mediated Ca®* release from intracellular ER stores and that other-
wise infrequent and spontaneous [Ca®"]; signaling in ATDC5 cells oc-
curs independent of ER Ca%" mobilization [25,86]. When the
IPs-pathway inhibitors, thapsigargin or U-73122, were administered
coincident with CNO stimulation, initial hM3Dq-driven primary Ca*
peaks were retained, but subsequent Ca%" oscillations were blocked.
Pre-inhibition abolished all hM3Dg-mediated signaling. Timed inhibi-
tion using Xestospongin C could not be performed due to the kinetics of
its IP3R antagonization [87]. While we fully expected hM3Dqg-initiated
Ca?" signaling to be mediated by PLCp-IP3-controlled calcium release
from the ER [59], several intracellular/autocrine signaling pathways
have been implicated in calcium-induced calcium release and oscillatory
Ca2" signal generation in chondrocytes [2,3,88-90]. Our results indicate
that neither individual inhibition of extracellularly-mediated ATP
signaling, Ca®* entry via extracellular pathways (through TRPV4,
store-operated channels, or cation channels more generally), or PKC
signaling influenced primary CNO-mediate [Ca%*]; peak or secondary
Ca" oscillation generation in hM3Dq" cells. Furthermore, suppression
of extracellular calcium influx did not markedly alter the dynamics of
CNO-mediated signaling (Supplemental Fig. 7). Only combinatorial in-
hibition of both ATP receptor classes diminished secondary Ca?* peaks
responses, an effect in line with ATP’s role in sustaining Ca>" oscilla-
tions but not in their initiation [43]. Furthermore, our mixed expression
study elegantly and broadly confirmed that CNO-mediated [Ca®'];
signaling was not driven by paracrine mechanisms.

Gayg protein activation also drives diacylglycerol (DAG) production,
which activates membrane bound PKC [54]. Inhibition of PKC resulted

in a modest, but non-significant reduction in CNO-evoked primary Ca%*
peaks, while blunting oscillatory signaling behaviors in hM3Dq* cells.
This response was unlikely due to TRPV4 sensitization, as our inhibition
studies confirm, but may reflect regulatory effects of PKCs on IP3 os-
cillations in response to [Ca2+]i [91,92]. These outcomes confirm that
CNO-mediated Ca®" signaling in hM3Dq" cells occurs solely through
targeted activation of the Gog-PLCP-IP3-ER pathway, and that the
resultant oscillatory Ca2* signaling behaviors are regulated through a
cell-autonomous interplay between [Ca®*]; levels, PLCp-mediated IP3
generation, and PKC-mediated regulation of IP3/PIP5 recycling [93].
Lastly, studies of the long-term effects of hM3Dg-mediated Ca®*
signaling on ATDC5 cells (and other chondrogenic cells) requires the
ability to repeatedly activate CNO-dependent Ca?" signaling, and thus
knowledge of the dosing frequencies under which fully reproducible
Ca" activations can be elicited. In 2D culture, hM3Dg-evoked Ca?* re-
activation in ATDCS5 cells was markedly attenuated for washout and re-
challenges of less than 30-minutes, while near-full recovery of signaling
was seen following one-hour CNO washout. These results suggest a re-
fractory signaling period of ~1h, which is consistent with Gog-GPCR
recycling times and the kinetics of Gog-mediated signaling
desensitization/re-sensitization and GPCR downregulation [94,95].
The hM3Dq platform described in the present study represents a
novel tool for the study of IP3-mediated calcium signaling influences on
gene expression, protein secretion, and cellular behavior/health in
ATDCS cells, and to explore the use of chemogenetic regulation of
[Ca®"];, and GPCR signaling to synthetically control chondrocyte/
cartilage physiology. While it is well established that mechanical stim-
ulation of Ca®" signaling is necessary for proper cartilage development,
tissue engineering, and tissue homeostasis [96-98]; ex vivo application
of mechanical stimulation can be both injurious and technically chal-
lenging to implement. Furthermore, when engineering cartilage tissues,
an early adaptation phase, often lasting for weeks, is typically necessary,
during which mechanical stimulation of the tissue scaffold risks the
driving of cell death and catabolic responses that harm tissue develop-
ment [76,94,95]. Alternatively, activation of [Ca2+]i signaling through
the use of exogenous ligands of chondrocyte calcium channels, such as
the TRPV4 agonist GSK101, has been explored as non-invasive means to
improve engineered cartilage maturation during this early adaptation
phase [45]. However, targeting endogenous signal transducers carries
risks of off-target effects, which may hinder acceptance when co-culture
or in vivo modulation/regeneration strategies are being considered.
Chemogenetic approaches hold promise in reducing these risks, as cells
not engineered to express engineered receptors will be insensitive to the
direct effects of its regulator. Thus, a platform like DREADDs may offer
distinct advantages to i) shortening the cell adaptation phase in engi-
neered hydrogels, ii) accelerating the maturation of engineered tissues,
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and iii) reducing the risk of activating ubiquitous endogenous signaling
pathways in off-target cells.

Despite the novelty of the present study, a number of limitations
must be noted. First, ATDCS5 is an immortalized chondroprogenitor cell
line, not true primary chondrocytes or mesenchymal stem cells; studies
of DREADD function within primary chondrocytes/chondroprogenitors
will be necessary moving forward. Second, lentiviral transduction per-
mits stable genomic integration, but no control over integration loca-
tion, carrying risks of off-target insertional mutagenesis; future use of
precision genetic engineering tools, such as CRISPR/Cas9, and condi-
tional expression vectors should enable generation of cells with
controlled and uniform integration, and expression levels. Thirdly,
while CNO, the synthetic ligand of hM3Dq, is ‘inert’ in vitro, it can be
‘reverse’ metabolized into its precursor, clozapine, an antipsychotic
drug, in vivo, resulting in behavioral effects [99]; use of alternative li-
gands, such as DREADD compound 21 [100], may limit these
off-target/metabolic effects. Fourthly, the present study was restricted
to the induction and regulation of [Ca®*]; signaling in ATDC5 cells in
2D. Investigations of the influence of CNO-driven hM3Dq activation on
both ATDC5 and primary cells in 2D (micromass) and 3D (micro-
pellet/microtissue) culture are ongoing, and will focus on the ability of
hM3Dq activation to promote cartilage-like matrix development and
maturation in the absence and the presence of applied mechanical
loading. Lastly, a limited number of studies, using mainly knock-out
models, have shown the importance of Gas- and Gag-coupled signaling
pathways in—predominately growth plate—chondrocyte biology [101,
102]. While the present study focused on Gaq signaling, DREADDs for
Ga; and Gog-coupled GPCRs are available [59] and can be utilized to
study the role of these signaling pathways on chondrocyte physiology.
Nonetheless, the hM3Dq DREADD system reported here represents a
unique platform to directly interrogate the influence of Gog-signaling
and Ca?' signaling on articular chondrocyte biology and cartilage
health, homeostasis, and pathology, and represents a novel tool to direct
towards improving the study and generation of tissue engineer-
ed/regenerated articular cartilage.
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