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CDKN1A/P21 is a potent inhibitor of cell cycle progression and its overexpression is thought to be associated
with inhibition of normal bone regenerative osteogenesis during spaceflight. To test whether CDKN1A/P21
regulates osteogenesis in response to mechanical loading we studied cyclic stretch versus static culture of
Cdknla”" (null) or wildtype primary mouse bone marrow osteoprogenitors during 21-day ex-vivo mineralization

CDKN1A/P21

. / . assays. Cyclically stretched Cdknla”" cells are 3.95-fold more proliferative than wildtype, while static Cdknla””
Cyclic stretch loading . L X
Regeneration cells show a 2.50-fold increase. Furthermore, stage-specific single cell RNAseq analyses show expression of

Cdknla is strongly suppressed by cyclic stretch in early and late osteoblasts, and minimally in the progenitor
population. Lastly, both stretch and/or Cdknla deletion cause population shift from osteoprogenitors to osteo-
blasts, also indicating increased differentiation. Collectively, our results support the hypothesis that Cdknla
constitutively plays a mechano-reversible anti-proliferative role during osteogenesis and suggests a new mo-
lecular target to counter regenerative deficits caused by disuse.

1. Introduction

Mechanical stimulation of tissues has long been understood to play a
significant role in promoting regeneration and in regulating prolifera-
tion and differentiation of adult stem cells (D’Angelo et al., 2011; Vining
and Mooney, 2017). Reduced tissue mechanical stimulation, due to
disuse on Earth or in microgravity, can disrupt homeostatic regenerative
processes in multiple systems. The current understanding of tissue level
stem cell regenerative processes has led investigators to focus on how
mechanical stimulation elicits mechanotransduction pathways and al-
ters the course of cell cycle progression in self-renewal or activation of
proliferation and differentiation programs (Swift et al., 2013). In-vivo,
stem cells exist within tightly regulated localized niche environments,
which support stem cell multipotency (Wagers, 2012) and biophysical
stresses can disrupt or maintain those niche environments by eliciting
signaling that promotes transition from quiescence to active stem cell
self-renewal, proliferation or differentiation (Stavenschi et al., 2018).

For our studies we focused on the bone marrow compartment
because of its role in regenerative health and its experiencing frequent
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ambulation-related cyclical loading (Thomas and El Haj, 1996; Titush-
kin and Cho, 2007). In-vivo exercise physiology studies have established
that bone fracture healing is dependent on mechanical conditions
(Lanyon et al., 1982; Wallace et al., 2015) with ambulatory loading
increasing regenerate bone volume and improving mechanical proper-
ties of the repaired bone (Boerckel et al., 2012). Conversely, studies of
unloading disuse from a variety of post-operative recovery, bed rest,
aging and spaceflight studies provide evidence that unloading results in
catabolic imbalance of stem cell-based regenerative homeostasis (Akima
et al., 2007; Berg et al., 2007; Riley et al., 2000). This imbalance can
result in musculoskeletal wasting, reduction of bone mass, immune
suppression, and the development of anemia (Perhonen et al., 2001;
Takata et al., 1993).

Spaceflight specifically offers a uniquely sensitive experimental
platform for studying the biological effects of mechanical unloading in
bone, including our laboratory’s early work which demonstrated the
inhibition of osteogenesis and bone formation in space using the
growing rat model (Morey and Baylink, 1978). Furthermore, micro-
gravity’s effect on the regenerative mechanisms of somatic and adult
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progenitor stem cells, as well as its regulation of differentiation-related
genes, have also been studied by our laboratory in cells isolated from the
pelvic ilia bone marrow of 15-day space-flown mice (Blaber et al., 2014;
Blaber et al., 2013). Those studies show that spaceflight suppressed pro-
osteogenic growth and proliferation genes and identified a cell cycle
inhibitor gene, Cdknla, as significantly upregulated in a whole bone
heterogeneous cell population. In addition, increased CDKN1A/P21
protein was also immuno-detected along the periosteal surface niche of
the proximal femur in space-flown mice. The cells of this niche can serve
as a quiescent osteoblastic progenitor reservoir for load-induced osteo-
genic development (Bellosta et al., 2003), suggesting a role for
CDKN1A/P21 in regulating quiescence of a mechano-activatable pro-
liferative cell pool.

CDKN1A/P21 is a potent cyclin-dependent kinase inhibitor protein
encoded by the Cdknla gene that promotes cell cycle arrest, by binding
to, and inhibiting the activity of cyclin-CDK2, -CDK1, and -CDK4/6
complexes, thus promoting exit from the cell cycle for differentiation,
proliferative arrest, or apoptosis (Cazzalini et al., 2010; Karimian et al.,
2016). Although many studies focus on DNA damage or reactive oxygen
species (ROS)-inducible Cdknla expression, persistent elevated levels of
CDKN1A/P21 are often also observed in differentiated cells of various
tissues, reflecting an additional role of CDKN1A/P21 in mediating cell
cycle arrest in terminal differentiation (Gartel et al., 1996; Parker et al.,
1995). Remarkably, mice that have a Cdknla homozygous deletion
(Cdknla”") show increased regenerative capacity, with the ability to re-
pattern severed digits and close ear-hole punches without scaring
(Bedelbaeva et al., 2010). Deletion of Cdknla also significantly de-
creases proliferative arrest susceptibility in response to DNA damage or
replicative stresses, allowing for proliferation to proceed even when
DNA damage may be present in the G1 phase of the cell cycle (Choud-
hury et al., 2007; Deng et al., 1995; Yosef et al., 2017).

Overall, these studies demonstrate the importance of CDKN1A/P21
as a regulator of cell cycle progression in adult stem cells during tissue
regeneration, and suggest that Cdkn1a expression might be regulated by
alterations in mechanical loading, particularly in mesenchymal stem
cell-derived osteogenic progenitor and osteoblast pools of the bone
marrow. Thus, we hypothesize that CDKN1A/P21 may be part of a
molecular mechanism regulating bone regenerative osteogenesis in
response to physiologic mechanical loading or unloading. To address
this hypothesis, we investigated how the deletion of Cdknla changes the
ex-vivo regenerative responses of bone marrow stem cell-derived
osteoprogenitors to physiologically relevant mechanical stimulation
with 21-days of cyclic stretch in osteogenic cultures. Stretch is a suitable
model for our studies because it promotes osteoprogenitor growth and
differentiation independently of soluble growth factors and is repre-
sentative of compressive and bending cyclic loading incurred on the
periosteal and endosteal surfaces occupied by these cells during gravity
loading activity including weight bearing and ambulation (Haasper
et al., 2008; Stavenschi et al., 2018; Titushkin and Cho, 2007). This
study also assesses, at the single cell level, how mechanical loading al-
ters gene expression of Cdknla throughout the different stages of oste-
ogenic differentiation.

2. Materials and Methods
2.1. Cyclic Stretch Culture Chamber Assembly

Our study utilized a custom-built uniaxial cyclic stretch cell culture
chamber, consisting of a loading frame, culture chambers, and a com-
puter controlled 350 mA linear step motors with rubber insulation to
inhibit heat transfer to the culture area (Searby, 2002). We clamped a 50
x 100 mm 0.25 mm thick platinum cured silicone thin film (The Rubber
Company, Hampshire UK) and pre-strained it to 5 mm tensile defor-
mation defined as the zero-position. Nunc 4-well chamber slides
(Thermo Scientific Nunc Chamber Slides, 1.8 cm?/well) were detached
from their imaging slide and the culture well chamber was mounted to
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the pre-strained silicone thin film. Cyclic linear uniaxial loading was
applied by step motors using an Arduino Uno microcontroller as
described in Figure S1(A-C).

2.2. Ethics Statement

All animal work was approved by the Institutional Animal Care and
Use Committee at National Aeronautics and Space Administration
(NASA) Ames Research Center, and conformed to the US National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals.

2.3. Bone Marrow Stem Cell Isolation

Bone marrow osteoprogenitor cells were isolated from the femur and
tibia of 16 to 18 week-old Cdknla”" and wildtype (B6129SF2J) male
mice (The Jackson Laboratory, Maine). Within 5 minutes of dissection,
tibias and femurs were cut open and flushed with 3 ml of osteogenic
medium (Minimum Essential Medium (MEM) Alpha Medium (Gibco)
with 15% fetal bovine serum and 1% Antibiotic-Antimycotic solution
(Gibco)) per bone. Cells were assessed for viability using trypan blue,
and red blood cells lysed with RBC lysis buffer (Invitrogen) for 10 mi-
nutes at room temperature, followed by centrifugation and re-
suspension in 4 ml osteoblastic (OB) medium (osteogenic medium
with 1% 1M beta glycerophosphate and 1% 5 mM ascorbic acid) and
counted using a Bio-Rad TC20 cell counter. Cells were plated at 500,000
cells per well in 1.25 ml of OB medium (approximately 320,000 cells/
cm?) and maintained at 37C with 5% CO with medium changes every 3
days.

2.4. Osteoblastogenesis and Cyclic Stretch Loading Culture

Cells were allowed to grow on the silicone substrate for 10 days of
static growth before loading. Starting on day 11, the cultures underwent
continuous cyclic uniaxial stretch at 0.1% maximum tensile strain (or
0.1 mm of deformation) at a frequency of 0.1 Hz (6 cycles/min or 5-sec
stretch/5-sec relaxation)(Guyot et al., 2016). This loading regime was
chosen to model a continuous dynamic weight bearing loading para-
digm to test the hypothesis that cyclic loading suppresses constitutive
Cdkn1la expression inhibiting proliferation during osteogenesis. Control
cultures were held at the zero-position tension for the duration of the
experiment. Our experimental design evaluates the various stages of
osteoblast differentiation (progenitor proliferation, early osteoblast-
mediated extracellular matrix deposition, and osteoblast-mediated hy-
droxyapatite deposition mineralization)(Fakhry et al., 2013) and cor-
relates critical transitions with assessments at 7, 14 and 21-day culture
time points (D7, D14, D21), (Figure S1(D)).

2.5. Cell Growth Analysis

Upon relevant culture conclusion, cell cultures were enzymatically
dissociated with trypsin EDTA (Ethylenediaminetetraacetic acid) and
assessed for viability using Trypan Blue exclusion. Dissociated cells were
also fixed with RNALater (Thermo Fisher Scientific) and stored at -80C
until analysis by qRT-PCR (see Supplementary Material Experimental
Procedures). A subset of cultures was fixed for visualization with 2%
glutaraldehyde for 60 seconds before three sequential PBS rinses for 5
minutes each. Samples were then processed for cell cycle profile staging
with DAPI (ThermoFisher Scientific) staining for 2 minutes at 37C, and
images captured on an Olympus BX51 at two intensities and evaluated
using CellProfiler (Broad Institute) following the protocol of (Roukos
et al., 2015).

Bromodeoxyuridine/5-bromo-2’-deoxyuridine (BrdU) proliferation
marker staining of D9 samples was conducted with an 18 hours antibody
incubation and Horseradish peroxidase (HRP)/DAB streptavidin-biotin
detection. The QuPath (Broad Institute) application’s positive cell
identification toolkit was used to quantify the percent positive cells.
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2.6. Assessment of differentiation by mineralization imaging

Cultures were fixed with 100% ethanol for 5 minutes and left to dry
overnight. The cultures were rehydrated in PBS for 5 minutes repeated 3
times before von Kossa mineralization assay assessment (see Supple-
mentary Material Experimental Procedures). The Von Kossa samples
were analyzed for mineralized area using the ImageJ particle analyzer
for nodule % Area. Von Kossa stained mineralized images were also
assessed for three-dimensionality by quantifying optical density (I/Ip).
For further details see Supplementary Material Experimental Proced-
ures. A subset of Von Kossa stained wells were counterstained with
Toluidine Blue to identify nuclei. Histologic bright field images were
captured on a Zeiss AxioSkop 2 Plus, and evaluated for mineralized
matrix morphology.

2.7. Proliferative Capacity of late mineralizing osteoblasts re-plating
assessment

After a 21-day static osteogenic culture, wildtype and Cdknla”" cells
in 12-well culture plates were dissociated from mineralized nodules by
trypsin EDTA, counted and re-plated into collagen wells. After 3 hours,
adhesion of dissociated cells was imaged. After an additional 45 hours of
culture (48 hours post-replating) cultures were again imaged and then
dissociated using trypsin EDTA and counted to assess proliferation.

2.8. Single cell RNA-Sequencing (scRNA-seq) and subsequent 10X
Genomics CellRanger analysis

For single cell analyses bone marrow osteoprogenitors from four
Cdknla”" and wildtype animals were isolated, as described above, and
cultured unstimulated for 7 days and then cyclically stretched at 0.1%
strain and 0.1 Hz continuously for 48 hours (cells from n = 4 mice per
genotype and sourced cells were cultured for both static control and
cyclic stretch). After 48 hours of stimulation the cells were dissociated
with trypsin and EDTA (Gibco) and washed with 0.04% bovine serum
albumin (BSA) (Thermo Fisher Scientific) in PBS. Cell suspension were
passed through Flow-mi cell strainer (Bel-Art), to achieve single cell
suspensions. scRNA-seq libraries were prepared according to the 10X
Genomics single cell Gene Expression Profiling v3 chemistry protocol
(10X Genomics). Libraries were sequenced by the NASA GeneLab
Sequencing Group at NASA Ames Research Center (Moffett Field, CA) on
a NovaSeq 6000 using an S2 Xp 2-lane kit paired end 100 (PE 100)
configuration. Final read summary metrics indicated 25,890 total cells
were identified in the four libraries: Wildtype static control, Wildtype
cyclic stretch, Cdknla™" static control and Cdknla”" cyclic stretch with a
median of 2,097 genes identified per cell. Quality assessment, log-2-fold
change differential expression and statistical analysis (normalization,
dimensionality reduction, clustering and differential expression) of the
scRNA-seq results were done utilizing the 10X Genomics CellRanger
v3.1.0 toolkit and several R analyses packages (manipulation of the
matrix raw data was conducted utilizing Seurat, gdata, and Bio-
conductor packages) and visualization with the Loupe cell browser
v4.0.0 (10X Genomics). To study osteogenesis heterogeneity in the
single cell libraries, we utilized a biomarker guided clustering paradigm
to segregate cells belonging to progenitor, early proliferative and late
mineralizing osteoblast cell populations. For further description of
Biomarker panel see Supplementary Material Experimental Procedures.

2.9. Statistics

Each experiment was replicated on at least nine separate occasions.
Cell count, doubling time, and trypan blue % live data was collected
from aliquots of two wells from 4 of the 9 replications of the experiment
(n=8). The same samples were then suspended in RNALater and used for
RT-PCR analysis. Individual gene expression was analyzed in triplicate
from a minimum of 3 sample suspensions (n"=6 assessed in triplicate).
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For all imaging analysis, each staining was performed on 2 wells from 3
of the 9 replications and 3 images collected per sample were averaged
(n=6 assessed in triplicate). Statistical significance was assigned using
paired t-test to detect differences between the genotypes at a single time
point. Then the differences between cyclic stretch and static control
conditions within the genotype were detected using a one-way repeated
measures analysis of variance (ANOVA) followed by a multiple-
comparisons test with a Sidak’s adjustment post hoc, establishing sig-
nificance with p value 0.05 or less and, 2-way analysis of variance
(ANOVA) followed for multiple-comparison tests with Tukey Kramer
(Tukey HSD) adjustments post hoc establishing significance with p value
0.05 or less.
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Figure 1. Cyclic stretch suppresses Cdknla expression in wildtype osteo-
genic cultures and promotes a hyper-proliferative response in Cdknla™"
cultures. Cyclic stretch leads to decreases in Cdknla expression at D14 of
osteogenesis (A) while Ccnd1 expression is increased at D7 and D14 (B) in the
wildtype osteogenesis culture (ACt gene of interest compared to the average of
Rpl19 and Gapdh housekeeping genes). C) Quantification of cell count data
during the osteogenesis culture shows that cyclic stretch increases cell count in
wildtype cells and that the deletion of Cdknla greatly increases the magnitude
of the proliferative response to stretch. (n=8, *p<0.1, **p<0.05, ***p<0.01,
****p<0.001, dashed line indicates initial seeding density, 500,000 cells)



C.M. Juran et al.

3. Results

3.1. Coupled Cdknla suppression and Ccnd1/Cyclin D stimulation of
gene expression induced by mechanical loading result in elevated cell
proliferation during osteogenesis.

To assess the role of mechanical stimulation in regulating cell cycle
progression during osteogenesis, we evaluated expression of the Cdknla
and Ccnd1 genes by qRT-PCR with and without stretch throughout 21-
days of osteogenic culture undergoing in-vitro mineralization
(Figure 1A). Cdknla mRNA in whole cultures becomes readily detect-
able at D14 with cyclic stretch suppressing levels of expression 1.81-fold
from static control. By day 21 (D21) Cdknla expression is independent
of mechanical loading. Figure 1B shows Ccndl expression is elevated
with cyclic stretch at D7 and D14 (2.42-fold and 1.93-fold respectively).
At D21, proliferative increases associated with cyclic stretch are
reduced, with the onset of osteoblast maturation, and no difference in
Ccndl expression is observed relative to static controls. Together, the
expression patterns of Cdknla and Ccndl are consistent with elevated
cell count data in the wildtype cyclic stretch cultures (Figure 1C). Spe-
cifically, at D7 wildtype cells appear predominantly proliferative and no
statistical difference is observed in cell count between static control and
cyclic stretch cultures. At D14 however the cyclic stretch cell count is
1.5X higher than the static control and at D21, cyclic stretch results in
cell counts elevated 1.76X.

3.2. Deletion of Cdknla magnifies mechanical load-induced increases in
osteoprogenitor proliferation during osteogenesis

The deletion of Cdknla increases the proliferative rate (linear
regression slope ratio) of osteoprogenitors by 2.60X relative to wildtype
in static control cultures. Between D7 and D21 Cdknla”" cells respond to
cyclic stretch with increased proliferation (1.67X, 2.78X and 2.27X
respectively). Comparison of the D21 cell count growth rate of cyclically
stretched Cdknla™" cells relative to cyclically stretched wildtype cells
results in a 3.95X increase, and a striking 8.5X increased growth rate of
the Cdknla”" cyclic stretch cultures compared to wildtype static
controls.

To further elucidate the proliferative features of Cdknla”" cells, we
investigated cell cycle progression using DAPI (4',6-diamidino-2-phe-
nylindole) nuclear staining intensity, to determine DNA content per cell,
then assigning the stage of cell cycle to each nucleus (Roukos et al.,
2015). We used an imaging approach for cell cycle staging, rather than
flow cytometry primarily to identify how cell cycle progression is related
to localization in mineralizing nodules. In addition, we also used this
method because dissociation of intact cells from mineralized nodules is
difficult and can lead to cell disruption and bias in cell cycle staging of
the culture.

Figure 2A shows representative D14 DAPI intensity micrographs
used in profile analysis. Nuclear morphology of wildtype cells shows
some flattened nuclei (indicative of non-proliferative spread cells) and
many small condensed nuclei (characteristic of actively dividing
rounded cells). The Cdknla”" static control cells have more rounded
nuclei than either of the wildtype conditions, but cyclic stretch induces
almost exclusively rounded actively dividing cells. Corresponding D14
representative cell cycle profiles show the quantitative increase in nuclei
identified as S-phase and G2/M phase in the Cdknla”" genotype and
especially in the cyclic stretch mechanical condition (Figure 2B-C).
Figure 2D quantifies the percentage of cells in each stage of cell cycle
throughout the 21-day osteogenesis protocol. Additional cell cycle
profiles for D7 and D21 are included in Figure S2.

The progression of differentiation in wildtype static control cultures
results in a gradual increase in the percentage of cells identified as G1,
decreasing the percentage of cells in S and G2/M phase. Similarly, the
Cdknla™" static control cells show a shift of cells to G1; however, cyclic
stretch in the Cdknla”" culture results in a shift of cells identified as G1
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and S to G2/M. The temporal elevation of Cdknla”" cells in G2/M in
response to cyclic stretch is significant between D7 and D21, with D21
having the highest percentage cells identified as G2/M phase, indicating
active proliferation at late osteogenesis. Corresponding BrdU incorpo-
ration data for the three osteoblastogenesis time points is included in
Figure S3 showing that the D21 Cdknla”" cyclic stretch cells have
approximately 30% BrdU positive cells in comparison to 15% for the
Cdknla”" static controls and below 7% BrdU positive cells for both
wildtype conditions. In addition to cell cycle profile analysis and BrdU
incorporation, we assessed percent live cells using the LIVE/DEAD
cytotoxicity staining kit (Molecular Probes) and found no significant
deviation in percent live cells between genotype in response to me-
chanical culture condition with the exception of D21 when Cdknla™”
cyclic stretch cultures had approximately 92% live cells compared to the
cyclic stretch wildtype at approximately 62% (Figure S4). This is
possibly due to higher proliferation in the null stretch condition.

3.3. Cdknla”" cells show greater expression of osteogenic markers
connexin 43 (Gjal), collagen type 1 (Collal) and Alkaline Phosphatase
(AlpD

To investigate the progression of osteoblastogenesis, we evaluated a
panel of three key osteogenesis markers (Figure 3): Gjal, a marker of
osteoblast intercellular networking crucial for bone development and
remodeling; Collal, the major structural extracellular matrix protein of
bone which has a peak expression during the transition of osteo-
progenitors to early osteoblast commitment; and Alpl, a molecular
marker of late-stage matrix maturation and mineralization by osteo-
blasts. qRT-PCR of the biomarker panel shows that cyclic stretch ele-
vates Gjal, Collal, and Alpl expression in D21 wildtype maturing
osteoblasts, indicating that stretch is a pro-osteogenic stimulant result-
ing in dense osteoblasts nodules being formed and maturing to miner-
alization. In Cdknla”" cyclic stretch cultures, the expression patterns of
the three marker molecules are increased compared to all other condi-
tions, indicating that osteogenesis is highly inducible in response to
cyclic stretch in the Cdknla”" cells.

3.4. Mineralization is proportional to cell number but independent from
Cdknla status

Von Kossa mineral staining area (percentage of total well area) is
quantified in Figure 4A. Both genotypes mineralize matrix more readily
when cyclic stretch is applied. At D7, cyclic stretch results in an increase
of 6.05X and 1.81X mineralized area in the Cdknla”" and wildtype
cultures respectively. The wildtype cultures also have elevated miner-
alized area in response to cyclic stretch at D14 (2.46X), but at D21 the
cyclic stretch culture has 0.88X the mineralized area of the static con-
trol, indicating the effects of cyclic stretch are prominent during the
proliferative phase of the culture. In contrast, elevated measure of
mineralized area in response to cyclic stretch remains in the Cdknla””
cultures throughout osteogenesis due to the elevated mineralization in
response to stretch and continued proliferative capacity of the null
culture.

To address the three-dimensionality of osteogenic nodules we
quantified light transmitted through the mineralized matrix (Figure 4B).
Analysis shows that the Cdknla”" cultures have denser nodules than
wildtype and that both cultures have increased mineral density in
response to cyclic stretch. However, when the mineral density of the
cyclic stretch cultures was normalized against their respective static
controls, genotype-related differential mineralization responses to
stretch are eliminated. Cdknla”” normalized mineralized densities are
elevated by cyclic stretch 1.62X, 1.42X and 1.76X for D7, 14 and 21
respectively, comparable to wildtype normalized mineralized densities
which are elevated 1.45X, 1.45X, and 1.72X (Figure S5). These data
show that mineralization is independent of Cdknla status and suggests
that the higher values of mineralized area and mineral density are due to
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Figure 3. Expression of osteogenic development markers connexin 43
(Gjal), collagen type 1 (Collal) and alkaline phosphatase (Alpl). A)
Quantification of Gjal shows increasing expression with progression of osteo-
genic culture in both Cdknla”” and wildtype cells, with the Cdknla”" cyclic
stretch cells having a 5-fold increase. B) Collal expression is highest at D7 for
both genotypes and mechanical conditions tested. Cyclic stretch induces
retention of higher levels of Collal expression over time with the Cdknla”"
response to stretch retaining Collal’s highest expression levels. C) Alpl in-
creases in expression with osteogenic culture. Cyclic stretch of Cdknla”~ cells
accelerates elevated expression, such that at D14 the expression level is sta-
tistically indifferent to D21 values for both control and stretch cultures. (n=6,
*p<0.1, **p<0.05, ***p<0.01, ****p<0.001)

<
<

mechanical stimulation and the increased cell numbers in the Cdknla”
genotype. Histology of the mineral nodules, shown in Figure 4C-J, cor-
roborates mineralized optical density data showing wildtype and
Cdknla”" cyclic stretch cells produce highly three-dimensional mineral
by D21.

3.5. Cdknla”", but not wildtype, cells dissociated from mineralized 21-
day osteogenic cultures show early proliferative capacity after re-plating

At the end of the 21-day osteogenic culture, we sought to determine
if late osteoblastic cells, enzymatically dissociated from mineralized
nodules, retained progenitor-like proliferative capacity related to
Cdkn1a status. To do this we dissociated D21 wildtype and Cdknla”"
static control cultures and re-plated the dissociated cells on collagen-
coated dishes using osteogenic medium. Figure 5A shows that re-
plated Cdknla”" late-stage osteoblasts have a 5.22X increased cell
count number after 48 hours of culture compared to wildtype. Images of
cells recovered from mineralized nodules were comparable after 3 hours
of initial adhesion for both the wildtype and Cdknla”" cultures. How-
ever, after 48 hours, Cdknla”" cells showed evident signs of proliferation
and of nearing confluency, while wildtype cells remained at a density
comparable to initial plating (Figure 5B). These results show that
Cdknla’" late mineralizing osteogenic cultures retain cells capable of
active proliferation immediately after dissociation from mineralized
nodules.

3.6. Single cell RNA sequencing (scRNA-seq) reveals Cdknla”" cells
progress into late osteoblasts more efficiently than wildtype and that cyclic
stretch shifts osteoprogenitors to early osteoblast commitment

To further elucidate the role of CDKN1A/P21 in mechanoregulation
of stem cell self-renewal, progenitor proliferation and osteogenic
commitment to mineralizing phenotype, we used scRNA-seq at 9-days of
osteogenesis commitment when wildtype static cell cultures contain
about 2/3 progenitors and 1/3 already committed cells expressing
various stages of osteoblast differentiation markers. To cluster single
cells into osteogenic stages we characterized a panel of expressome
biomarkers to assign populations of (osteo)progenitor cells (Tnfrsf11a/
Rank, Cd34), early (proliferating) osteoblasts (Bmp2, Runx2, Gjal,
Collal, MMp13), and late (mineralizing) osteoblasts (Alpl, Bglap2, Bglap,
Ibsp, Dmp1) (Khayal et al., 2018). Using these staging biomarkers, we
defined clusters of stage-specific single cells with highly related
expressomes, visualized in Figure 6A.

The relative distribution of cell counts associated with each
differentiation-stage cluster are quantified in Figure 6B. Staging shows
that in the wildtype static control cultures, nearly 70% of cells are
identified as osteoprogenitors, about 25% as early osteoblasts and about
5% as late osteoblasts. Cyclic stretch stimulation caused 27.0 + 1.5% of
wildtype progenitors to transition to the early osteoblast cluster, with no
significant changes in the late osteoblast numbers. Cdknla”" static cul-
tures have fewer progenitors, more early osteoblasts and double the
number of late osteoblasts. As with wildtype, stretch stimulation shifts
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cells (n=6, *p<0.1, **p<0.05, ***p<0.01, ****p<0.001). C-J) Representative micrographs of mineral staining from the cyclic stretch cultures show the Cdknla”
culture have greater cell density at DO (from the same number of seeded cells), resulting in a “jumpstart” to mineralization by approximately 7 days (Early, Mid, and

Late Mineralization labels).

Cdknla”" cells from the progenitor cluster to the early osteoblast cluster
with the late osteoblast cluster remaining unchanged. A visual depiction
of the cluster expression patterns of three representative differentiation
staging biomarkers (Tnfrsf11a/Rank, Collal, and Ibsp) for each geno-
type and loading condition are shown in Figure 6C with additional
osteogenesis marker t-SNE plots used for cluster identification shown in
Figure S6. Progenitor marker Tnfrsflla/Rank shows consistent gene
expression levels throughout the various conditions, suggesting that the
features of this cluster do not change significantly with Cdknla deletion
or load. In contrast, the early osteoblast cluster expression of Collal is
highly dynamic showing a large decrease in expression with stretch in
the wildtype but not Cdknla”" cultures. At the D9 early osteogenesis
timepoint, there is already a readily quantifiable population of late
mineralizing osteoblasts (Ibsp+ cells) in both wildtype and Cdknla”
cultures. In neither genotype is the percentage of Ibsp+ cells modulated
by cyclic stretch, which is consistent with our mineralization assay

results. However, Cdknla”" late osteoblasts show elevated expression of
Ibsp with mechanical stimulation, a feature not seen in the wildtype
cells.

3.7. At the single cell level, cyclic stretch promotes proliferation in
wildtype and Cdknla”" early osteoblasts but only Cdknla”" cells show
increased proliferation in the late osteoblast stage

Single cell mapping of Cdknla expression in wildtype static control
cells show early and late osteoblasts have elevated Cdknla associated
with exit from cell cycle for commitment to osteoblast differentiation.
Cyclic stretch mediated downregulation of Cdknla expression in the
wildtype genotype at single cell resolution is shown in Figure 7A. Cyclic
stretch reduces Cdknla expression in early and late osteoblast single
cells to background levels. Further, wildtype cells that show suppression
of Cdknla with stretch also show suppression of Cirbp, a p21 mRNA
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wildtype 48-hour re-plated cells have no indication of significant proliferative
capacity, at the 48-hour early timepoint. (n=8, *p<0.1)

stability regulator (Figure 7C) plus elevated expression of Ccnd1/cyclin
D (Figure 7D). Mechanical co-regulation of these genes is associated
with increased proliferation mediated by cyclic stretch in the wildtype
genotype.

Single cell mapping of static control Cdknla”" cells show Ccnd1/
cyclin D expression is elevated from the wildtype static control levels,
especially in the late osteoblast cluster. Cyclic stretch of the Cdknla™”
cells results in elevated expression of Ccnd1/cyclin D in both the early
and late osteoblast cell types, with the highest expression levels in a sub-
population of early osteoblasts. Representative Bromodeoxyuridine/5-
bromo-2’-deoxyuridine (BrdU) staining of Cdkn1 a”’" cultures show more
BrdU-positive cells than seen in the wildtype as well as fewer large
unstained nuclei indicative of proliferatively arrested cells. However,
percent BrdU-positive quantitative data show BrdU incorporation is not
changing with genotype or loading condition (Figure 7E). Detailed in-
spection of the cultures shows notable differences between the wildtype
and Cdknla”" cyclic stretch cells including BrdU incorporation in cells
within the highly populated osteogenic nodules exclusively in the
Cdknla”" cultures. This finding confirms that Cdknla”" cells in the
mature mineralized nodule environment are still actively proliferating, a
genotype dependent feature not evident in the wildtype static control or
cyclic stretch cells.

4. Discussion

Although the broad concept that mechanical stimulation of tissues
promotes stem cell-based tissue regenerative processes is generally
accepted, a detailed mechanistic understanding of how this occurs is still
lacking. A particularly important question is whether mechanical stim-
ulation promotes stem cell derived osteoprogenitor proliferation, dif-
ferentiation or both. Towards this goal, our study provides novel
evidence that expression of the cell cycle regulator Cdknla limits both
regenerative proliferation and differentiation in primary bone marrow
osteogenic cultures and its expression is suppressed by mechanical
stimulation, resulting in increased mineralized tissue formation. Addi-
tionally, this work establishes at the single cell level that mechanor-
egulation of Cdknla is not universal to all cell types in osteogenic
cultures, but rather limited to those specialized beyond the progenitor
state and committed to osteoblastic differentiation.

To examine the combined roles of mechanical stimulation and
Cdknla status in osteogenesis, we used Cdknla null primary cells in a
continuous cyclic stretch culture system, finding that its endogenous
expression significantly blunts the proliferative and differentiation
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advantages of mechanical stimulation on osteogenic cultures. The pro-
liferative capacity of the Cdknla”~ genotype in response to cyclic stretch
eclipses the wildtype with 3.95X greater cell numbers than wildtype
cyclic stretch and 8.5X increase versus wildtype static controls after an
initial proliferative phase coincident to all osteogenic cultures. An
assessment of mineralization shows that cyclic stretch increases the
quantity and quality of mineralized matrix; however, the results were
unable to resolve if Cdknla status directly impacts osteogenic differen-
tiation, as the Cdknla”" cyclic stretch culture accelerates nodule for-
mation but also shows increased cell density, which may positively
influence mineral production. To address this limitation, we conducted a
single cell mRNAseq study at day 9 of osteogenic culture, when culture
cell densities were similar for all studied conditions, thereby controlling
for potential cell density effects on proliferation and differentiation and
also presenting all relevant osteogenic cell stages. Single cell tran-
scriptomics were able to resolve that cyclic stretch induces advancement
of progenitor cells toward early and late osteoblast and that this tran-
sition is in concert with suppression of Cdknla in the wildtype
committed osteoblasts. Further, Cdknla null status accelerates early to
late osteoblast specialization, providing detailed evidence that Cdknla
expression acts to limit both proliferative and differentiation mecha-
nisms. These data, when paired with our previous findings that Cdknla
expression in bone is upregulated as a result of spaceflight in micro-
gravity, suggests a potential regulatory framework for how stem cell-
based bone regenerative processes may be inhibited in space and in
conditions of disuse on Earth.

Cell cycle profile analyses were also conducted to address how
Cdknla”" status affects osteogenesis, and they showed elevated S and
G2/M identified cells, confirmed by increased BrdU incorporation, in
the Cdknla”" genotype and an earlier appearance of an 8C peak,
indicative of endoreduplication (Duli¢ et al., 1998) (marker of disrup-
tion in DNA replication management). However, DNA damage in the
absence of CDKN1A/P21 must be regulated by later cell cycle check-
points, as loss of Cdknla alone does not significantly promote short-term
increases in tumor formation or malignancy in mice compared to other
tumor suppressor gene knockout models such as Trp53 (Donehower
et al., 1992; Martin-Caballero et al., 2001). The deletion of Cdknla does,
however, increase the incidence of benign tumor formation, such as in
skin papilloma (Jackson et al., 2002; Weinberg et al., 1999).

A shared molecular mechanism common to disuse in space and on
Earth is the increased production of reactive oxygen species (ROS) and
resulting oxidative stress. Elevated ROS presence in tissues exposed to
spaceflight radiation and unloading stressors could trigger CDKN1A/
P21-mediated cell cycle arrest during normal regenerative processes.
Radiation exposure in spaceflight can further induce ROS formation in
cells and tissues through water radiolysis, rather than metabolic
oxidative imbalances, and initiate a DNA damage response activation of
CDKN1A/P21, further elevating its levels and potentially exacerbating
regenerative arrest. Although the mechanistic underpinnings of how
ROS might activate Cdknla expression in space and during disuse re-
mains elusive, various possibilities have been proposed, including that
cold-inducible RNA binding protein CIRBP overexpression during
spaceflight (Blaber et al., 2017) may function to stabilize Cdknla
mRNAs through 3’UTR binding of the protein acting as a specific mRNA
chaperonin (Roilo et al., 2018; Scoumanne et al., 2011). Single cell
expression mapping in our study shows that Cirbp and Cdknla expres-
sion is co-downregulated in response to cyclic stretch in the early oste-
oblast wildtype cell cluster, supporting the hypothesis that CIRBP may
act as Cdknla mRNAs chaperone regulated by mechanical loading and
specifically induced by disuse. Studies of ground squirrel hibernation in
which bone and muscle disuse is a factor also support this hypothesis,
showing correlated elevation of Cdknla and Cirbp gene expression in
bone marrow during torpor under elevated oxidative stress conditions
(Cooper et al., 2016; Wei et al., 2018).

Decrease in physical activity is a common feature associated with the
aging process, and spaceflight has been shown to have many tissue,
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cellular, and molecular disruptions comparable to accelerated aging. In
addition, Cdknla expression, as well as other cell cycle checkpoint
genes, show increased expression in aging tissues. Also, a recent study of
Cdknla expression during dermis wound healing demonstrated that
pharmacologic Cdknla silencing (siRNA) restored wound healing ability
in aged mice to levels comparable to those in younger animals (Jiang
et al., 2020). Further investigations have probed the wound healing
abilities of the Cdknla-null mouse, finding that rather than wound
healing based on scar tissue formation, the null mouse underwent scar-
less regeneration and repair of the wound. Scar-less regeneration sug-
gests that the deletion of Cdknla may release a proliferative restriction
in differentiated tissue cells without loss of developmental-like re-
patterning capacity, somewhat similar to the regenerative processes in
amphibians (Arthur and Heber-Katz, 2011; Premnath et al., 2017). Our
mineralizing culture experiments also exhibit a similar enhanced pro-
liferative capacity in the Cdknla”~ primary marrow cells and show that
upon induction of osteoblast differentiation production of mineral ma-
trix comparable to the quality of their wildtype controls, but with a 7-
day “jumpstart” in the development of mineralized tissue structure.

Regenerative tissue patterning is similar in many aspects to devel-
opmental patterning of embryogenesis, in which CDKN1A/P21-
expressing cells, in proliferative arrest, act as secretory signaling cen-
ters and have been shown to mediate differential growth in the apical
ectodermal ridge, hindbrain roof-plate, neural tube, pharyngeal arches,
and gut endoderm (Guo et al., 2003; Li et al., 2018; Trokovic et al.,
2005). Interestingly CDKN1A/P21-expressing cells in secretory
signaling centers are arrested without induction of TRP53/P53,
CDKN2A/P16 or CDKN2D/P19 DNA damage pathways, providing
further evidence that CDKN1A/P21 may be a regulator of regenerative
patterning and proliferative arrest independent of other DNA damage
mediated cell cycle exit mechanisms. These CDKN1A/P21-expressing
cells are protected from apoptosis transiently and release senescence
associated secretory phenotype (SASP) factors which in turn elicit fate
responses in surrounding cells (Vasey et al., 2011). In osteogenesis, SASP
factors are principally produced by osteocytes, which function as regu-
latory controllers of bone resorption and formation, and in aging oste-
ocytes Cdknla expression is elevated which correlates to reduced bone
turnover and regenerative function (Farr et al., 2016). Additionally, an
induced pluripotency study found that the cyclic forced expression of
Yamanaka factors in aged animals reduced expression of TRP53/P53,
CDKN1A/P21°"! CcDKN2A/P16™¥4 ATF3, IL6, and MMP13 and
contributed to increased regeneration in muscle and pancreas tissues
(Ocampo et al., 2016). Similar mechanisms including transient induc-
tion of proliferative arrest, expression of SASP and subsequent macro-
phage clearing is also present during limb regeneration in regenerative
newts such as Pleurodeles waltl, but so far no clear Cdknla homologues
have been identified in its genome (Elewa et al., 2017).

A critical mechanism in amphibian regeneration is the ability for
cellular reprogramming, first reverting wound-adjacent cells to a
“blastema” state of less specialization and increased proliferative ca-
pacity (de-differentiation) followed by subsequent re-differentiation
into tissue specific cell types needed for functional tissue repatterning.
Elimination of mammalian cell cycle arrest regulators, like CDKN1A/
P21, significantly increases efficiency of induced pluripotency reprog-
ramming (Banito et al., 2009; Hong et al., 2009) producing cells capable
of extensive proliferation and functional commitment by mechanisms
that may be similar to those in amphibian regeneration. Similarly, in our
study, the finding that proliferating cells can be isolated from Cdknla™"
mineral nodules, also suggests that the absence of the gene may confer
null tissues with increased regenerative ability compared to the Cdknla-
expressing wildtype mineralized tissue. While we did not assess if the
newly expanded culture could progress to complete osteogenic miner-
alization specialization, a previous spaceflight investigation using the
embryoid body (EB) model suggested the state of Cdknla expression
associated with spaceflight in microgravity primed EB cells for differ-
entiation upon return to 1g (Blaber et al., 2015).
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5. Conclusion

Collectively these studies provide evidence of CDKN1A/P21’s role as
aregulator of regenerative arrest and show that the deletion of this gene
promotes differentiation progression, and elevates regenerative poten-
tial. Our results provide multiple lines of evidence that CDKN1A/P21
may act as a constitutive suppressor of osteogenic mechanotransduction,
and that the Cdknla-null cultures show increased progenitor prolifera-
tion and osteoblast differentiation responsiveness to loading by cyclic
stretch. Furthermore, re-plating of late mineralizing osteogenic cultures,
BrdU proliferative marker assessment, plus single cell RNAseq results,
show that deletion of Cdknla may release a stage specific transitional
restriction between proliferative and differentiation states in bone
marrow MSC-derived osteogenic progenitors undergoing ex-vivo
mineralization. In total this work suggests a novel mechanistic frame-
work for bone regenerative homeostasis in which CDKN1A/P21 plays a
mechano-reversible anti-proliferative role during osteogenesis and
could connect previous spaceflight results showing increased Cdknla
expression in osteoprogenitors in microgravity, to the observed inhibi-
tion of regenerative bone formation in space (Morey and Baylink, 1978).
More broadly this study also suggests that mechanical load suppression
of Cdkn1a expression may contribute to the observed tissue regenerative
benefits of load-bearing exercise.
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