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Abstract

Intervertebral disc degeneration is an important contributor to chronic low back and neck pain.
Although many environmental and genetic factors are known to contribute to disc degeneration,
age is still the most significant risk factor. Recent studies have shown that senescence may play a
role in age-related disc degeneration and matrix catabolism in humans and mouse models.
Clearance of p16'"k4a_positive senescent cells reduces the degenerative phenotype in many age-
associated diseases. Whether p16!"42 plays a functional role in intervertebral disc degeneration
and senescence is unknown. We first characterized the senescence status of discs in young and old
mice. Quantitative histology, gene expression and a novel p16/79™ reporter mice showed an
increase in p16/"k4a p21 and IL-6, with a decrease in Ki67 with aging. Accordingly, we studied
the spinal-phenotype of 18-month-old mice with conditional deletion of p16'™42 in the disc driven
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by Acan-CreERT2 (cKO). The analyses of discs of cKO and age-matched control mice showed
little change in cell morphology and tissue architecture. The cKO mice exhibited changes in
functional attributes of aggrecan as well as in collagen composition of the intervertebral disc.
While cKO discs exhibited a small decrease in TUNEL positive cells, lineage tracing experiments
using ZsGreen reporter indicated that the overall changes in cell fate or numbers were minimal.
The cKO mice maintained expression of NP-cell phenotypic markers CA3, Krt19 and GLUT-1.
Moreover, in cKO discs, levels of p19Arf and RB were higher without alterations in Ki67, yH2AX,
CDK4 and Lipofuscin deposition. Interestingly, the cKO discs showed lower levels of SASP
markers, IL-1pB, IL-6, MCP1 and TGF-B1. These results show that while, p16'k42 js dispensable
for induction and maintenance of senescence, conditional loss of p16'"™42 reduces apoptosis, limits
the SASP phenotype and alters matrix homeostasis of disc cells.

Keywords

pl16; pl19; Inkda; senescence; mouse models; intervertebral disc degeneration; aggrecan;
extracellular matrix; nucleus pulposus; aging; SASP

Introduction

The intervertebral disc provides flexibility and a range of motion to the spine and
accommodates compressive and tensile biomechanical forces. The disc comprises three
tissue compartments: the central nucleus pulposus (NP) - rich in aggrecan and populated
with cells derived from the notochord, the circumferential, ligamentous annulus fibrous (AF)
- that encompasses the NP and is primarily composed of collagens, and the cartilaginous
endplates (EP) bordering the NP and AF on cranial and caudal surfaces [1]. The high
concentration of negatively-charged glycosaminoglycans present on aggrecan, the
predominant proteoglycan in NP and other proteoglycans such as versican is responsible for
tissue hydration and osmotic properties of the disc. Furthermore, due to the disc architecture,
the NP is a completely aneural and avascular tissue. Consequently, NP cells are adapted to a
hypoxic microenvironment [1,2]. In fact, several studies have associated intervertebral disc
degeneration with disruption of pathways that allow NP cells to adapt to hypoxia and cell
stress [3,4]. The etiology of disc degeneration is multifactorial; abnormal loading, genetics,
obesity, have all been shown to contribute to the disease, yet aging is considered the main
risk factor [4-6]. With age, there is a decrease in levels and quality of extracellular matrix
proteins, biomechanical properties, as well as an increase in inflammatory cytokine
expression, catabolic processes, and cell death [5,7,8]. In both human and mouse models,
age-related senescence has been correlated with degenerative phenotypes of the disc [9,10].
Despite a known relationship between senescence and disc degeneration, the contribution of
cellular senescence to disease progression is not defined [11].

Several molecular networks are involved in promoting the senescent phenotype; among
these, p53 and p16'"k42 are considered the master regulators of cell growth arrest, apoptotic-
resistance, and senescence-associated secretory phenotype (SASP) [11,12]. Furthermore,
many factors, including telomere attrition, oncogenes, and cell stress (e.g. oxidative,
genotoxic, cytokine) contribute to p53 and p16/"k4a activation [11,12]. Activation of these
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pathways and ensuing senescence leads to the expression of cytokines, chemokines, and
other SASP proteins culminating in inflammation and tissue degeneration [11]. NP cells
have been shown to respond to oxidative stress and cytokines, like TNF, resulting in
increased senescence and apoptosis, and decreased matrix production [13,14]. However, the
molecular pathways that control senescence in the NP in response to these stressors, and
their contribution to the degenerative cascade /n7 vivo is unknown.

p16'"k4a js a potent inhibitor of proliferation that disrupts cell cycle progression by altering
the association between cyclin dependent kinase 4 and 6 (CDK4/6) and cyclin D1 [15]. Due
to its robust correlation with other senescence markers like excessive lysosomal activity
analyzed by B-galactosidase (SA-pBgal), phosphorylated histone H2A (-yH2AX) and Ki67
expression, p16'"k42 js accepted as the key maker of chronic senescence [16,17]. Recent
studies have shown that clearance of p16'"k4a_expressing cells mitigates some aspects of
degenerative aging [18-21]. Accordingly, senolytic molecules that induce apoptosis of
senescent cells have been effective in ameliorating age-related pathologies, including disc
degeneration in a models of accelerated aging [22] and post-traumatic osteoarthritis [23].
However, it is still unknown whether p16'"42 drives senescence-related dysfunction or
whether other features of senescent cells mediate these effects.

To understand the importance of p16'"k42 in onset and maintenance of senescence and in the
progression of age-associated disc degeneration, we characterized senescence status of
mouse discs with aging and analyzed the spinal phenotype of 18-month old Acan-CreERT2-
p16'nk4a conditional knockout (cKO) mice.

Senescence and p16'"k4a expression and collagen fiber thickness increase with age

Increased p16'"k4a expression in aged and degenerated human intervertebral discs has been
reported [9]. However, the relationship between p16'"™42 and aging is not characterized in
murine disc. We performed analysis of discs from 5-and 18-month-old mice to investigate
senescence and p16'"k4a expression. Histological studies showed changes in disc
architecture as characterized by a noticeable decrease in NP cell vacuoles and thinning of
cell band in the 18-month-old mice (Fig. LA—C”). Picro-Sirius Red staining and polarized
microscopy showed decrease in content of thin collagen fibers with concomitant increase in
medium and thick fibers with aging (Fig. 1D-F). Lipofuscin, which represents deposition of
oxidized molecules and correlates with senescence, showed increased accumulation in the
18-month-old mice (Fig. 1G-G’) [24]. There was an increase in p21 expression with
decrease in Ki67 levels in 18-month-old mice (Fig. 1H-I"). Likewise, while the expression
of IL-1B (Fig. 1J-J") showed no change, there was a significant increase in IL-6 expression
in aged animals (Fig. 1K-L). We performed gene expression analysis and found no changes
in p53 and p19AT expression, but a significant increase in p16'"k4a expression in NP of old
mice (Fig. 1M-0). We also analyzed localization and levels of p16'"k42 protein in discs of
18-month-old mice that contained ¢a/7om reporter driven by the native p16'"4a promoter and
lox-stop-lox ZsGreen reporter driven by a tamoxifen-inducible Aggrecan-Cre driver
(Acan'm1(cre/ERTZ)Crmy [25]. Compared to young mice (Fig. 1P-P?), there was a robust
p16/Mk4a expression as evidence by td7om staining in the NP compartment of 18-month-old
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mice (Fig. 1Q-Q’). All p16/70m positive cells co-expressed ZsGreen driven by Acan-
CreERT2. The specificity of td7om signal was confirmed by using mice that lacked fad7om
reporter but expressed ZsGreen (Suppl. Fig. 1). These results clearly showed an overall
increase in senescence status and p16/"k4@ expression with aging.

Loss of p16'"k4a in the disc does not protect mice from age-dependent degeneration

Due to the established correlation between p16'"k4a expression, aging, and disc
degeneration, we examined the effects of conditional loss of p16!"™4a on the intervertebral
disc health. We analyzed spines from 18-month old mice containing alleles for the inducible
knock-out of p16'"k4a (p16L)[26] driven by an inducible Aggrecan Cre driver
(Acan™m1(cre/ERTZ)Crm[97] (Fig. 2A). Use of a lox-stop-lox ZsGreen reporter clearly showed
a robust tamoxifen induced Cre recombination driven by Acan-CreERT2 in NP, inner AF,
and EP as well as in the growth-plate (Fig. 2B). The functional effects of p16/"k42 |oss in the
disc were investigated by analyzing 18-month-old animals with or without p16'"™42 deletion.
Histological analysis showed no differences in overall disc architecture and cell morphology
in the NP, AF, or EP compartments in the tamoxifen treated wild-type (WT): Acan-
CreERT2; p16Ink4a*’*, conditional knock-out (cKO): Acan-CreERT2;p16Ink4af, or
animals without tamoxifen-treatment (nT): Acan-CreERT2;p161nk4a’ (Fig. 2C—F"*). Picro-
Sirius Red staining and polarized microscopy showed comparable collagen content,
architecture and fiber thickness between wild type and cKO mice (Fig. 2G-I). However,
tamoxifen treated groups (WT and cKO) exhibited lower levels of thicker collagen fibers,
when compared to non-treated animals. The disc histology was quantified using the
modified Thompson Grading Scale [4]. There were no significant differences in the average
grades of NP and AF tissue among all the groups (Fig. 3A, B). Likewise, level-by-level
analysis of histopathological grades of NP and AF tissues for L%, L4/5, L5/6 and L6/S1
showed comparable scores among all the groups except for the NP scores at L6/S1 level. At
this lowest lumber level, tamoxifen treated wild type and cKO animals showed similar
histological scores, but they were higher than the untreated animals. This difference in
histological score at L6-S1 in WT and cKO groups compared to non-treated animals,
suggested some negative effects of tamoxifen on disc health and possibly a positional
contribution to this susceptibility (Fig. 3C, D).

pl16nk4a cKO mice have decreased NP cell death without significantly altering overall cell
number and molecular phenotype of cells

We investigated if loss of p16!"k4a in the disc affects cell viability, and phenotype of NP
cells. To assess cell death, we performed TUNEL staining. While the overall percentage of
TUNEL positive cells was low, 18-month old cKO animals had fewer positive cells, most
notably in the NP compartment than the aged matched WT controls (Fig. 4A-B).
Importantly, the majority of NP and AF cells in cKO and WT animals were healthy and
viable at 18-months. To further investigate the effects of p16i"k42 deletion on disc
compartments, we performed a fate mapping experiment where cells expressing Cre
recombinase under the control of aggrecan promoter following tamoxifen treatment were
marked by ZsGreen with or without deletion of p16'"k42, |t was evident that in 18-month-old
mice, the ZsGreen labeled cells were retained in the NP and inner AF of both the control and
cKO mice and the number of marked cells in tissue compartments were comparable between
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the genotypes (Fig. 4C-D”). To assess the health and integrity of the NP cells in the cKO
animals, we evaluated the expression of NP phenotypic markers GLUT1, CA3, and Krt19
[28,29]. The NP cells from both the p16'™k42 cKO and WT mice robustly expressed NP
phenotypic makers, and there were no discernable differences in levels of expression
between the genotypes (Fig. 4E-G”). These studies clearly suggested that while the deletion
of p16'"k4a provided some protection from cell death, it did not result in a substantial
alteration in disc cell number or their fate.

p16'"k4a cKO mice evidenced changes in functional attributes of aggrecan and collagen
composition of the disc

Extracellular matrix molecules are integral for the biomechanical and osmotic properties of
the healthy intervertebral disc [30]. The progression of disc degeneration is closely linked to
alteration in matrix composition, elevated matrix catabolism, and expression of enzymes
such as A Desintegrin-Like And Metalloprotease (Reprolysin Type) WithThrombospondin
Type 1 (ADAMTS) and matrix metalloproteases (MMPs) which degrade proteoglycans and
collagens. Therefore, we assessed whether p16!"k4a cKO altered the matrix composition of
the disc by evaluating the expression and localization of both collagens and aggrecan [31]. It
was evident that p16/"k4a cKO animals evidenced decreased expression of both collagen |
and Il in the NP compartment (Fig. 5A-B’, D). On the other hand, collagen X, a maker of
hypertrophic chondrocytes often expressed during disc degeneration, was expressed at a
higher level in cKO than WT controls (Fig. 5C-D) suggesting changes in the collagen
composition of the NP [4]. We assessed the aggrecan content and quality in the discs by
evaluating expression levels of aggrecan core protein, chondroitin sulfate (the major
glycosaminoglycan of aggrecan), and the aggrecan degradation product ARGXX [31].
Interestingly, while overall levels of aggrecan in cKO were robust and comparable to the WT
controls, there was a decrease in staining for both chondroitin sulfate and ARGXX (Fig. 5E-
G’”’, I). Additionally, we measured the expression of cartilage oligomatrix protein (COMP)
which stabilizes collagens [32]. Both cKO and WT mice showed comparable expression of
COMP with prominent localization in outer AF and the NP compartments. Taken together,
these results showed that while the levels aggrecan core protein were maintained in cKO
mice, there were differences in the functional attributes of the resident aggrecan molecules
with changes in collagen composition of the NP (Fig. D and ).

p16/nk4a cKO shows activation of p19A™ and RB without affecting the prevalence of
senescent cells in the intervertebral disc

To evaluate the presence of senescent cells in the discs of cKO mice we examined the
expression of several markers associated with the senescent phenotype. Sudan-Black B
staining was used to specifically mark lipofuscin deposition, a hallmark of senescent cells
[24,33]. There was no difference in lipofuscin deposition between the WT and cKO mice
(Fig. 6A-B’’). Interestingly, neither WT nor cKO animals expressed appreciable levels of
YH2AX, a known marker of senescence and DNA damage, in the NP but showed staining in
the AF compartment (Fig. 6C—C”). On the other hand, CDK4 and Ki67 expression, which
mark proliferating cells and are negatively correlated with senescence, was only seen in the
proliferative bone marrow, and absent from NP, AF, or EP tissue compartments (Fig. 6D-F).
These results suggested that deletion of p16'™42 did not decrease cell senescence in the

Matrix Biol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Novais et al.

Page 6

intervertebral disc. We then evaluated the expression of p21, a downstream effector of
p16/"k4a and a marker of senescence, along with other mediators of senescence. p21 was
comparably expressed in all disc compartments, again suggesting maintenance of this
downstream effector even in the absence of p16'"k4a (Fig. 6G-G’, J). Interestingly,
Retinoblastoma (RB) protein, a potent cell cycle inhibitor and a key downstream mediator of
senescence induction, was considerably higher in cKO mice (Fig. 6H-H"). Consequently, we
explored status of a potential upstream compensatory pathway that could account for the
persistence of senescent cells in the p16!"k4a cKO mice. The p19A'f pathway, consisting of
p19AT and its effector protein p21, has been shown to compensate for loss of p16/"k4a, Discs
of cKO animals showed an increase in p19A™ expression in the AF compartment (Fig. 61-J).
Given these results, it is plausible that loss of p16'"k42 did not affect the senescent phenotype
of the intervertebral disc cells, possibly due to compensation by other drivers of cell
senescence such as p19A™ and RB [34,35].

p16'"k4a cKO exhibit decreased expression of major regulators of senescence-associated
secretory phenotype (SASP)

Although our data suggested that the deletion of p16'"™4a does not decrease the incidence of
senescent cells in the disc, we sought to determine if the p16'™42 null animals were
protected from SASP. Activation of SASP proteins leads to overexpression of inflammatory
cytokines that contribute to a progressive and degenerative cascade [11]. We observed that
expression of MCP1, IL-1p, and IL-6 were all significantly decreased in the discs of cKO
mice compared to age-matched controls (Fig. 7A-D). Metalloproteases have been described
as an important component of SASP as well as TGFp regulation [36]. We however found
low and comparable expression of MMP-13 in both WT and p16'"k4a cKO animals (Fig.
7E-E’). In contrast, TGF-B1 expression was significantly downregulated in the cKO mice
(Fig. 7F—F’). To assess the correlation between autophagic flux and SASP, we measured
LC3 positive puncta in cKO mice. There were no overt differences between the groups (Fig.
7G-H,). Taken together, this data clearly suggested that while there is a compensation of
p16'nk4a by other inducers of senescence, p16'"™4a deletion results in altered secretory
phenotype, suggesting a novel role of p16/"k42 in modulating SASP.

Discussion

Although a multitude of genetic and environmental factors are known to contribute to the
pathogenesis of intervertebral disc degeneration, one of the most prevalent risk factors is
age. Several studies have shown that aging causes a degenerative phenotype in the disc,
namely loss of water binding aggrecan and altered collagen composition, and an increase in
matrix degrading proteases [37-39]. Importantly, it has been reported that both degeneration
and aging in human discs is correlated with increased senescence and elevated expression of
the known senescence marker, p16/"k4a [9]. Likewise, in a mouse model of progeria due to
deficiency in DNA repair enzyme ERCC1, intervertebral discs showed higher p16/nk4a
expression [10]. The increase in p16'"k42 was accompanied by up-regulation of SASP and
changes in extracellular matrix homeostasis [40]. In this study, we clearly showed that there
was an increase in senescence status and p16'"k4@ expression in aged mice. Interestingly,
detailed analysis of p16!"k42 cKO mice showed an overall normal tissue and cell
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morphology in the intervertebral discs, including sustained expression of NP phenotypic
markers, and healthy levels of aggrecan at 18-months of age. Interestingly, there were
changes in the functional attributes of aggrecan molecules and altered collagen composition
in cKO mice. TUNEL staining also indicated that the conditional deletion of p16'nk4a
offered some protection from cell death. However, while p16'"k4a was redundant for
induction of the senescent phenotype in the disc through potential compensatory activation
of p19AT and RB, loss of p16/"k4a decreased SASP, a well-known initiator of inflammatory
cytokine expression and downstream matrix catabolism [12]. Based on these novel findings,
we concluded that while p16'"k42 alone was not sufficient for controlling the senescent fate
of intervertebral disc cells it was involved in controlling the matrix homeostasis and SASP in
aging spine.

As expected, discs of 18-month-mice showed increased collagen fiber thickness and altered
cell morphology evident by a decrease in the number of vacuoles in comparison to 5-month-
old mice. These observations were in line with previous studies investigating aging of the
disc and aorta [37,38,41]. Thicker collagen fibers were recently reported in the intervertebral
discs of a mouse model of spontaneous, early onset disc degeneration and were correlated
with compromised mechanical function [4]. This suggested that the increase in collagen
fiber thickness in discs of 18-month-old mice was likely associated with age-dependent
changes in structure and biomechanical function. Furthermore, we characterized the
senescent phenotype of disc cells using validated markers for: cell cycle (Ki67); cell cycle
inhibitors (p21, p19A™, p53 and p16/"k4a); SASP (IL-1B and IL-6) and oxidized molecular
aggregates (Lipofuscin) [11,12,16,24,42]. Our data clearly showed that with aging there was
increased evidence of cell senescence in the all the disc compartments. Interestingly, our
finding that only p16'"k4a levels in the disc increased with aging without appreciable change
in p53 and p19AT levels, underscores the importance of p16'"k4a as a key marker of age-
dependent senescence in murine disc. These results corroborated studies by LeMaitre et al.
showing a correlation between p16'"k4a expression, intervertebral disc degeneration, and
aging in humans, suggesting the utility of mouse models to assess the causative relationship
between p16'"42 and senescence during intervertebral disc aging [43].

Studies of p16!"k4a cKO suggested that loss of p16!"42 did not result in overt alteration in
disc degeneration and collagen fiber thickness. In addition, the p16/"k4a deletion did not
affect expression of NP phenotypic markers. These studies were further supported by fate
mapping experiments that employed a Cre-inducible ZsGreen reporter. Most of the cells in
the NP and AF compartments of the 18-month-old animals were labeled, and the cellularity
of both the compartments in cKO animals was not appreciably different from controls. This
was not surprising given a small rescue from cell death as evidenced by fewer TUNEL
positive cells was seen in cKO animals. Moreover, the lack of overt changes in cellularity as
a consequence of higher cell proliferation in the wild type animals as could be ruled out
from low and comparable index of proliferation seen between genotypes by Ki67 and CDK4
staining. It is important to note that there were some changes in the functional attributes of
the resident aggrecan molecules. These changes manifested as a decrease in chondroitin
sulfate, a critical glycosaminoglycan important for maintenance of the water content of the
NP, along with lower accumulation of ARGXX neoepitope in the AF, the product of
aggrecanase activity. It is plausible that loss of p16/"k42 in the disc altered the protease
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activity (ADAMTS, MMPs) with or without concomitant changes in biosynthesis of
chondroitin sulphate but not aggrecan core protein [44]. Additionally, the change in
aggrecan structure could further hasten its turnover in the cKO mice by increasing the
accessibility of its core protein to proteolytic enzymes, altering the mechanical properties of
the individual molecules and affecting supra-macromolecular assembly critical for tissue
osmotic function [39,45-47]. It is important to note that decreased chondroitin sulfate and
increased aggrecan degradation in disc aging models has been reported [40,48]. This change
in aggrecan properties coupled with changes in the collagen composition in cKO, decreased
collagens | and Il and increased collagen X, may affect the overall biomechanics of the
spinal motion segment. Although, senescence has been linked to collagen expression in disc
cells, the underlying mechanisms of p16/"k4a dependent collagen regulation remains to be
explored [49,50]. Noteworthy, other researchers have reported changes in mechanical
properties of the disc with age and degeneration due to alteration in the structure and
composition of the extracellular matrix [4,51]. Taken together, these observations highlight
the novel role of p16'"k42 in matrix homeostasis in the disc [40,49,52].

The absence of overt morphological changes in the cKO mice may be attributed to slow
matrix turnover in disc and compensatory activation of an alternative senescent pathway.
The INK4a/ARF locus is potently activated with aging, leading to an increase of both
p16'nk4a and p19AT [53]. While there was no change in p19A™ expression in discs during
aging, our results clearly showed that in the p16'"™42 cKO animals, there was an increase of
both p19A' and RB expression. This functional compensation is in agreement with studies
by Sharpless et al. using the same mouse model of p16'"k42 Joss [35]. Supporting this idea
further, Feng and colleagues, have shown a p16'"k4@ independent increase in senescence in
NP cells through activation of p21 and RB when cells were exposed to mechanical
stretching [54]. Likewise, recent studies showed that SIRT1 alleviates disc senescence by
blocking the p53/p21 pathway in a p16'"™k42 independent fashion [55]. Interestingly, p21
levels in cKO mice showed a robust and comparable expression to controls. Thus, the
persistence of p21, yH2AX, along with the lack of CDK4 and Ki67 in the p16'"k4a cKO
mice may reflect possible activation of the p19A™ and RB pathway that maintains the
senescent cells in these discs. This is not unexpected as it has been shown that the positive
benefits of p16'"k4a silencing can be masked by p19A'f retention, even causing a
predisposition for tumorigenesis [34].

Recent studies have reported SASP as the key mediator of senescent induced degenerative
phenotype [12,56]. IL-1P was reported as the trigger for SASP activation, leading to
overexpression of both 1L-6 and MCP1, which maintain this secretory signature [57].
Interestingly, and in contrast to observations by Coppe ét a/., our data shows that p16!nk42
plays a role in promoting the expression of IL-1p, IL-6 and MCP1 in the intervertebral disc
[58]. In addition to the inflamatory component of SASP, metalloproteases and TGF-$3
secretion have been shown to contribute to the senescence secretory phenotype [36,59].
Accordingly, TGF-B1 expression, which increases during disc degeneration, was decreased
in the p16'"k42 cKO mice, suggesting that p16'"k42 controls pro-fibrotic pathways during
aging [60]. Since MMP13 expression, collagen turnover, and the autophagy index was not
altered in the cKO animals, this suggests a selective role of p16'"k42 in altering SASP targets
and matrix homeostasis [2]. Despite noticeable changes in levels of SASP molecules,
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inflamatory cytokines and TGF-B1, as well as increased secretion of proteins such as
collagen X, there was no major detrimental effect on the morphology of the disc or the grade
of degeneration.

Studies in other tissue types have shown that deletion of p16'"k4a expressing cells rescued
aging phenotypes by altering multiple cellular senescence pathways [18,20,22,56]. In our
study, conditional deletion of p16'"k42 in intervertebral disc cells, that in principle differs
from clearance of p16'"4a_positive cells, seems to affect matrix homeostasis and SASP. This
is not uncommon, as in other cell types, such as macrophages, high p16'"k42 expression is
not directly associated with senescence, and in articular chondrocytes p16'"™4a is dispensable
for induction and maintenance of senescence during aging [16,27]. Although p16'nk4a js
widely accepted as a robust marker of cellular senescence in many cell types, including
chondrocytes and disc cells, our results confirm that p16/"k42 deletion can be functionally
compensated by increased p19A' and RB without changing the prevalence of senescent cells
or the degenerative phenotype. Importantly, our results in the intervertebral disc echo those
of articular cartilage and osteoarthritis development, where is reported that expression of
p16'"k4a increases with age in both humans and mice, but the conditional loss of p16'"k42 did
not prevent senescence in chondrocytes or the development of osteoarthritis [27].
Nevertheless, findings from the current study emphasize that a relationship exists among
pl16'nk4a secretory pathways, and matrix functionality and composition in the disc.
Therefore, further characterization of role of p16'"k4a in the intervertebral disc is warranted,
as it is important to understand its relevance as a marker of senescence and a regulator of
SASP. In this context, p16'™4a could potentially serve, as an indicator of the senescence
status of cells of the intervertebral disc, whose health is essential for secretion of water
binding proteoglycans and collagens and thus biomechanical function of this complex tissue.

Experimental Procedures

Mice

All animal experiments were performed under protocols approved by the Institutional
Animal Care and Use Committees of University of North Carolina and Thomas Jefferson
University. Young (5 month) and old (18 month) C57BL/6 mice from NIA aged Rodent
colony were analyzed. Wild-type (Acan'™(cre/ERT2)Cmp 16/nk4a"?"t) and p16'nk4a
conditional knock-out (Acan™(cre/ERT2)Crmp 16/nk44T) mice on C57BL/6 background
were generated as shown in Figure 1A and as recently described[27]. To determine
expression pattern of Cre recombinase and to perform fate mapping experiments, loxP-stop-
loxP ZsGreen reporter mouse (Gt(ROSA)26Sortm6(CAG-ZsGreenl)Hze/ (Stock # 007906,
Jackson Labs) was crossed with mice with or without conditional p16'k42 |oss. At 4 and 12-
months of age, mice received three consecutive doses of 25 mg/kg tamoxifen (Sigma-
Aldrich, St. Louis, MO, USA) in corn oil (Sigma-Aldrich) by intra-peritoneal injection to
activate the Cre recombinase and analyzed at 18-months to investigate effects of p16'nk4a
loss on disc health and fate of cells. For, delineating Cre targeting activity in disc,
Acanm1(cre/ERTZ)CIm -Rosa-7sGreen mice were analyzed 2 weeks following tamoxifen
injections at 4 month. For investigating the localization and expression of p16'"k4a, we
crossed Acan'™m1(cre/ERTZ)Crm: -Rosa-ZsGreen mice with p16%79 reporter mice to generate
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Acanfml(Ccre/ERT2)Crm. 01 61dT0m: posa.7sGreen mice. p16/470™ reporter mice were generated
using the strategy of previous p16'"k4a_hased reporter alleles wherein DNA encoding the
fluorescent molecule tdTomato was targeted to the native Ink4a locus to replace exon
1alpha[61]. This approach leaves p19”™ intact while replacing one copy of native p16/nk4a
with tdTomato. The details and characterization of this allele are described by Liu et al.[25].

Preparation of Mouse Spines for Histological Analysis

Spines were dissected enbloc, and immediately fixed in freshly made 4% PFA in PBS for 48
hours and decalcified in 20% EDTA for 18 days. Intact lumbar motion segments were
processed and embedded in paraffin. Spines used for frozen sections were fixed for 2h,
followed by 12h 30% Sucrose immersion, OCT embedding and snap freezing using liquid
nitrogen. Mid coronal section, 7 um in thickness, were cut from lumbar levels (L3-4, L4-5,
L5-L6, L6-S1) of each mouse. Sections were stained with Safranin-O (proteoglycans)/Fast
Green (collagen)/Hematoxylin (nuclei) for assessing gross histology or Picrosirius red, to
visualize the collagen content in the intervertebral disc. Sundan-Black-B/Fast Red staining
was used for detection of lipofuscin deposition. Staining was using a light microscope (Axio
Imager 2, Carl Zeiss) or a polarizing microscope (Eclipse L\VV100 POL, Nikon). Imaging of
Safranin O/Fast Green/hematoxylin and Sundan-Black-B/Fast Red stained tissues were
performed using 5x/0.15 N-Achroplan (Carl Zeiss) or 20x/0.5 EC Plan-Neofluar (Carl
Zeiss) objectives, Axiocam 105 color camera (Carl Zeiss), and Zen2™ software (Carl
Zeiss). For Picrosirius red stained tissues, 10x/0.25 Pol/WD 7.0 objective (Nikon), Digital
Sight DS-Fi2 camera (Nikon), and NIS Elements Viewer software (Nikon) were used. To
evaluate degeneration of disc, mid-coronal sections from all 4 lumbar disc levels per mouse
were scored using a modified Thompson grading scale by 4 blinded observers.
Histopathological scores were obtained from /=6 mice per group with 4 lumbar discs per
mouse (total 24 discs per group).

Immunohistological staining

Coronal lumbar disc tissue sections of 7um thickness were de-paraffinized and incubated
either in microwaved citrate buffer for 20min, with proteinase K for 10min at room
temperature, or with Chondroitinase ABC for 30min at 37°C for antigen retrieval. Then the
sections were blocked in 5% normal serum (Thermo Fisher Scientific, 10000C) in PBS-T
(0.4% Triton X-100 in PBS), and incubated with antibodies against Collagen I (1:100,
Abcam ab34710), collagen Il (1:400, Fitzgerald 70R-CR008), collagen X (1:500, Abcam
ab58632), aggrecan (1:50, Millipore AB1031); chondroitin sulfate (1:300, Abcam ab11570)
and COMP (1:200, Abcam ab231977); NP phenotypic markers: CA3 (1:150, SantaCruz)
and Keratine19 (1:50, DSHB TROMA-II1); senescent markers: tdTOM/RFP (1:100,
Rockland 600-401-379); p19A'f (1:200, Novus NB200-106), p21 (1:200, Novus NB100-
1941), RB (1:100, Abcam, ab85607), CDK4 (1:50, Santa Cruz DCS-35), Ki67 (1:100,
Abcam ab15580) and -yH2AX (1:200, Cell Signaling 9718) and SASP: IL1p (1:100, Novus
NB600-633), IL-6 (1:50, Novus NB600-1131), MCP1 (1:150, Abcam ab25124), TGF-B1
(1:100, Abcam abh92486) and MMP13 (1:200, Abcam ab39012); autophagy evaluation: LC3
(1:200, Novus NB100-2220) in blocking buffer at 4°C overnight. For GLUT-1 (1:200,
Abcam, ab40084) and ARGxx (1:200, Abcam, ab3773) staining, Mouse on Mouse Kit
(\ector laboratories, BMK-2202) was used for blocking and primary antibody incubation.
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Tissue sections were thoroughly washed and incubated with Alexa Fluor-594 conjugated
secondary antibody (Jackson ImmunoResearch Lab, Inc.), at a dilution of 1:700 for 1h at
room temperature in dark. The sections were washed again with PBS-T (0.4% Triton X-100
in PBS) and mounted with ProLong® Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific, P36934). All mounted slides were visualized with Axio Imager 2 (Carl Zeiss)
using 5x/0.15 N-Achroplan (Carl Zeiss) or 20x/0.5 EC Plan-Neofluar (Carl Zeiss)
objectives, X-Cite® 120Q Excitation Light Source (Excelitas), AxioCam MRm camera
(Carl Zeiss), and Zen2™ software (Carl Zeiss). LC3-positive puncta were examined with
Nikon A1R confocal microscope. Positive staining for markers and LC3 puncta were
measured by area (pixel2/area) using ImageJ software (http:/rsh.info.nih.gov/ij/).

TUNEL assay

Tissue RNA

TUNEL assay was performed on lumbar disc sections using “In situ cell death detection”
Kit (Roche Diagnostic). Briefly, sections were de-paraffinized and permeabilized using
Proteinase K (20pg/mL) for 15min at room temperature. TUNEL assay was then carried out
per manufacturer’s protocol. The sections were washed and mounted with ProLong® Gold
Antifade Mountant with DAPI (Thermo Fisher Scientific) and were visualized with Axio
Imager 2 microscope (Carl Zeiss).

isolation and Real time RT-PCR analysis

NP tissue was dissected from lumbar and caudal discs of 5-and 18-month C57BL/6 mice,
and immediately placed in RNAlater® Reagent (INVITROGEN). 7 mice per genotype were
sacrificed for RNA isolation and NP tissue pooled from single animal served as an
individual sample. NP tissue was collected in RNAlater® Reagent and homogenized with a
Pellet Pestle Motor (Sigma Aldrich, Z359971). Total RNA was extracted from the tissue
lysates using RNeasy® Mini kit (Qiagen). The purified, DNA-free RNA was converted to
cDNA using EcoDry™ Premix (Clontech). Template cDNA and gene-specific primers were
added to Power SYBR Green master mix (Applied Biosystems) and mMRNA expression was
quantified using the Step One Plus Real-time PCR System (Applied Biosystems). GAPDH
was used to normalize gene expression. Melting curves were analyzed to verify the
specificity of the RT-PCR and the absence of primer dimer formation. Thermal cycle was
programmed for 20 s at 95 °C as initial denaturation, followed by 40 cycles of 30 s at 95 °C,
and 30 s at 60 °C, with final melt curve and extension for 15 s at 95 °C, 1 min. at 60 °C, and
15 s at 95°C. Custom PCR primers specific to murine p53 (F:
TAGGTAGCGACTACAGTTAGGG; R: CATGGCAGTCATCCAGTCTT), p19A' (F:
TGAGGCTAGAGAGGATCTTGAGAA; R: GTGAACGTTGCCCATCATCATC); and
pl6'"k4a (F: CGGTCGTACCCCGATTCAG; R: GCACCGTAGTTGAGCAGAAGAG) were
reported earlier[27].

Statistical analysis

Statistical analysis was performed using Prism7 (GraphPad, La Jolla, CA, USA). Data is
represented as mean + SEM. Data distribution was checked with Shapiro-Wilk normality
test and the differences between two groups were analyzed by Mann-Whitney for
nonnormally distributed data. Statistical analysis of Modified Thompson Grading was
performed using Kruskal-Wallis test followed by Dunn’s multiple comparison test. Xz test
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was used to analyze differences between distribution of percent-degenerated-discs. P<0.05
was considered a statistically significant difference.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. p16'nk4a expression increased in the mouse intervertebral disc with aging
. p16!nk4a conditional deletion does not alter cell morphology and tissue
architecture of 18-month mouse intervertebral disc
. p16'nk4a deletion results in small decrease in TUNEL positive cells in disc
. p16!nk4a deletion results in changes in aggrecan functional attributes, collagen

composition and lower levels of SASP markers

. p16'nk4a js dispensable for induction and maintenance of senescence in the
intervertebral disc
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Figure 1. Senescence and pl6'”k4a expression increase with age. (A-C")
18-month-old mice showed a decrease in vacuoles and cell band width (arrows) and

comparable features of the NP/AF junction. (D-F) Picrosirius red staining (D-D”) and
quantitative polarized imaging (E, E’) showed a decrease in thin collagen fibers along with
an increase of medium and thick fibers compare to 5-month-old mice (F). P < 0.05, XZ test,
N = 4-6 mice/group, 4 discs/animal. (G-G’) Sudan-Black-B staining showed an increase in
Lipofuscin aggregates deposition in NP and AF of old mice (arrows). (H-1") There was a
significant decrease in Ki67 and an increase of p21 expression in all disc compartments
(arrows). (J-J°) Analysis of SASP showed comparable levels of IL-1p with aging. (K-K”)
IL-6 expression was significantly higher in the older mice. (L) Quantification of % positive
staining for K167, p21, IL-1B and IL-6 expression. (M-N) p53 and p19A"f mRNA levels
were similar between 5-and 18-month old mice(O) p16'™42mRNA levels were significantly
higher in 18-month old mice compared to 5-month old animals.(P-Q’) Acarn™(cre/ERT2)Crm.
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p16/70m: posa-ZsGreen 18-month-old mice showed robust expression of p16!"k4a (tgTOMI
Red) in the NP with strong colocalization with Aggrecan-Cre positive cells (ZsGreen),
p16'nk4a |evels were low in 5-moth-old mice. For quantitative immunohistology and RNA
analysis, Mann-Whitney test was used for comparing differences between the groups. NS =
not significant; p < 0.05 *; p < 0.01 **; N=6 animals/genotype were analyzed. Scale bar A-
A’, P-Q’ =200 pm; Scale bar B-E’’, G-K’ = 50 pm.
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Figure 2. Loss of p16'”k4a in the disc does not protect mice from age-dependent degeneration.
(A) Schematic showing protocol for generation of experimental and control mice. Analysis

was performed using tamoxifen treated 18-month-old wild-type (Acan-CreERT2-p16Ink4a
wiwt) and p16'"k42 conditional knock-out (Acan-CreERT2-p161Ink4a f/f) and untreated
(Acan-CreERT2-p161Ink4a’f) animals. (B) Specificity of Acan-CreERT2 for targeting
different compartments within the intervertebral disc in skeletally mature mice is shown.
Acan-Cre showed a high recombination in NP, inner AF, endplate (EP) as well as growth
plate (GP), when tamoxifen was administered at 4-month. (C-F’*) There are no noticeable
differences in overall intervertebral disc (VD) architecture or cellular morphology in the
tamoxifen treated wild-type (WT) (C-F), conditional knock-out (cKO) (C’-F’), and animals
without tamoxifen-treatment (nT) (C’’-F’") groups as shown by representative histological
images. Higher magnification images of NP tissue (D-D’") and tissue interfaces between
NP/AF (E-E’”) and NP/EP (F-F’") show comparable cell morphology and tissue architecture
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between all the groups. Picrosirius red staining of discs showed similar collagen content
among the groups (G-G’’). There were no differences in collagen organization (H-H’*) and
distribution of collagen fibers thickness (1) between the WT and cKO mice as seen by
quantitative polarized microscopy. Non-treated animals showed higher content of mature
collagen than tamoxifen treated WT and cKO animals. P < 0.05, XZ test, N = 6 mice/group,
4 discs/animal. Scale bar B-C” and G-H""= 200 um; Scale bar D-F” = 50 pum.
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Figure 3. Loss of p16Ink4a in the disc does not protect mice from age-dependent degeneration.
(A) Modified Thompson Grading showed no differences in the distribution of
histopathological grades for both NP and AF amongst the groups. (B) The average NP and
AF grades were similar for WT, cKO and nT animals. (C, D) Level-by-level analysis showed
similar average grades for both NP (C) and AF (D) across the four lumbar levels L34, L4/5,
L5/6 and L6-S1 amongst all groups except for the average NP grade at L6/S1, where
untreated animals showed a lower grade of degeneration than tamoxifen treated groups. 4
lumbar discs/mouse, 6 mice for WT and cKO and 3 mice for nT groups were analyzed for
comparisons. Kruskal-Wallis test followed by Dunn’s multiple comparison test was used to
test differences between groups showing average Thompson grading data. XZ test was used
to analyze differences between groups showing distribution of percent-degenerated-discs.
NS = not significant; p < 0.05 *.
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Figure 4. p16'”k4a cKO mice have decreased NP cell death without significant altering cell
number and phenotype.

(A-A’’) TUNEL assay showed a decrease in number of dying cells (arrows) in NP
compartment of the cKO mouse. (B) There was a decrease in TUNEL positive cells in cKO
mice. t-test for normally distributed data, Mann-Whitney test for non-normally distributed
data, Shapiro-Wilk normality test was done to check the distribution. NS = not significant; p
<0.05 *; p <0.01 **; N=6 animals/genotype were analyzed. (C, D) Fate mapping of disc
cells in p16!"k4a cKO and control mice. Tamoxifen treatment of mice (at 4 and 12-months)
induced Cre-recombinase activity in aggrecan expressing cells resulting in simultaneous
marking of cells by ZsGreen with or without deletion of p16!"k4a_ Analysis of these mice at
18-months showed that almost all cells in NP, inner AF and CEP were ZsGreen positive.
Cell numbers of ZsGreen positive cells in tissue compartments were comparable between
cKO and control animals. (E-G’) Characterization of NP phenotypic markers in p16/nk4a
cKO mice. Localization and expression levels of glucose transporter 1 (GLUT1), carbonic
anhydrase 3 (CA3) and Keratin19 (Krt19) in the NP were comparable between control and
cKO animals. Mann-Whitney test was used for comparing differences between the groups.
NS = not significant; p < 0.05 *; p < 0.01 **; N=6 animals/genotype were analyzed. Scale
bar = 200um.
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Figure 5. p16'”k4"’1 cKO mice alter aggrecan functionality and expression of major extracellular
matrix collagens of the disc.

(A-B’) cKO mice show decreased levels of collagen | and collagen Il expression in the NP.
(C-D) Collagen X was expressed in both groups with an increasing expression in cKO. (E-
E) Analysis of aggrecan (ACAN) and its functional attributes. Expression of ACAN core
protein was similar between the two genotypes (E-E’). Levels of chondroitin sulfate (CS) in
NP (F-F’, I) and aggrecanases generated degradation product, ARGxx in AF were lower
cKO group (G-G’”’, ). (H-1"). Mann-Whitney test was used for comparing differences
between the groups. NS = not significant; p < 0.05 *; p < 0.01 **. N = 6 animals/genotype,
1-2 discs per animal, were analyzed. Scale bar = 200 ym (A-A’, B-C’, E-G’, H-H’ ) and 20
pum (A”-A”’, C’-C™, G’-G™).
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Figure 6. p16'”k4a cKO shows activation of plQArf and RB without affecting the prevalence of
senescent cells in the intervertebral disc.
(A-B’’) Sudan-Black-B staining showed comparable lipofuscin aggregates in WT and cKO

mice. (C-F) There were no discernable changes in yH2AX or CDK4 and K167 expression
levels in the discs of the cKO and WT mice. (G-G’, J) p21 was expressed in all disc
compartments in cKO and control animals. (H-H”) RB was higher expressed in overall disc
of cKO mice. (1-J) cKO mice showed pronounced increase in p19A™ staining in the cells of
inner AF and GP cells. For quantitative analysis, Mann-Whitney test was used for
comparing differences between the groups. NS = not significant; p < 0.05 *; N=6 animals/
genotype were analyzed. Scale bar = 200 pm.
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Figure 7. p16Ink4a cKO exhibit decreased expression of major regulators of senescence-
associated secretory phenotype (SASP).
(A-C”) cKO animals showed a pronounced decrease in MCP1 (A, A’), IL1p (B, B’) and

IL-6 (C, C’) staining compared to control animals (D). (E-E”) There were comparable levels
of MMP13 expression between cKO mice and the WT. (F-F’, H) TGF-B1 expression was
decreased in cKO discs. Autophagy analysis showed no differences between LC3 Puncta
between WT and cKO (G-H). Mann-Whitney test was used for comparing differences
between the groups. NS = not significant; p < 0.05 *; N=6 animals/genotype were analyzed.
Scale bar = 200 pm. (L) Schematic summarizing contribution of p16'"k4a p19A™ and RB for
senescence status and SASP maintenance in the intervertebral cells.
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