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Methods and Results: Here, hAF cells cultured in the presence of 0.5 to 1 mM polyP,

teoglycan and collagen synthesis, and aggrecan and collagen type 1 gene expression.
Gene expression level of matrix metalloproteinases 1 was reduced while matrix
metalloproteinases 3 level was increased in hAF cells treated with 1 mM polyP. Aden-
osine triphosphate (ATP) synthesis was also significantly increased in hAF cell culture
72 hours after the exposure to 1 mM polyP-22.

Conclusions: PolyP thus has both anabolic and bioenergetic effects in AF cells, similar
to that observed in NP cells. Together, these results suggest polyP as a potential

energy source and a metabolic regulator of disc cells.
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1 | INTRODUCTION

Low-back pain (LBP) is a common chronic musculoskeletal disorder?
and is a major public health problem with great socioeconomic impact
worldwide, as $100 billion is spent annually in the United States alone
in direct and indirect costs for LBP.22 Intervertebral disc degeneration
(IDD) is a major cause of LBP.*> IDD etiology is complex and multifac-
torial, including genetic inheritance, aging, metabolic disease, and
abnormal biomechanical loading of the spinal column.®® Current clini-
cal treatments for IDD are primarily nonoperative; consisting of anal-
gesics and physical therapy.? In severe cases of IDD, if associated pain
is intractable and associated with neurologic sequelae, care involves
surgical interventions, such as discectomy and spine fusion surgeries,
which aim to alleviate pain and restore function but does not address
the underlying pathology.'®! These surgical interventions have asso-
ciated morbidities and complications, such as adjacent level disc dis-
ease, which often requires revision surgeries.'? Therefore, there is a
strong need for nonsurgical therapies that both alleviate painful symp-
toms and restore disc structure and mechanical function by directly
addressing the underlying biological causes either through retarding
or reversing disc degenerative processes.

The degeneration of intervertebral discs (IVDs) leads to collapse of
its structure and reduction in the intervertebral space thickness.
Mostly avascular, IVDs are composed of a central proteoglycan and
collagen type 2 rich region, the nucleus pulposus (NP), which is sur-
rounded by a concentric, multi-lamellar collagen type 1 rich annulus
fibrosus (AF). The AF limits the excessive swelling and sideways dis-
placement of the NP region during physiological loading.'® Other stud-
ies have proposed that the process of degeneration starts in the AF
region and the NP extrudes into the AF regions and starts to degener-
ate, eventually spreading to whole of the disc causing IVD failure.21>

IDD is influenced by limited IVD nutrient availability due to the
avascular nature of disc tissue. Nutrient deprivation affects disc cell
bioenergetics and is known to drive an imbalance between anabolic
and catabolic processes in the extracellular matrix (ECM) of the IVD,
wherein  ECM anabolism is reduced while ECM catabolism is
enhanced.?® Various strategies have been employed to reversing this
loss of equilibrium such as cell-based therapies, growth factor therapy,
bioactive compound therapy, etc.'” Bioactive compounds have shown
promise in the field of tissue engineering and regenerative medicine
applications. Many bioactive compounds have been used for tissue
engineering applications of IDD.*®-?! Inorganic polyphosphate (polyP)
is one such bioactive compound that has recently shown promise in
the field of tissue engineering and regenerative medicine applications
for IVD and cartilage tissue.

PolyP is ubiquitously found in all life forms, including bacteria,
fungi, amoebas, plant cells, and mammalian cells. PolyP was recently
shown to be present in a variety of native mammalian tissues, including
both NP and AF IVD tissue at concentrations ranging from 10 to
20 pmol Pi/mg tissue.?2 PolyPs are linear polymers of orthophosphate
(PO,) residues linked by high-energy phosphoanhydride bonds that
vary in sizes ranging from a few to thousands of PO, units.2%? PolyPs

exist as granules in microbial cells, for both energy and phosphate

storage. The role of polyP in mammalian cells was not known until
recent studies, which reported that polyP regulates many critical mam-
malian processes, including bone healing, blood clotting, nerve trans-
duction, and cancer metastasis.?>2® The effects of polyP are chain
length and concentration dependent. Recent studies demonstrated
that polyP chain lengths 22 and 45 (polyP-22 and polyP-45) increased
the production and accumulation of proteoglycans and downregulated
matrix metalloproteinases (MMP) production in engineered NP and
cartilage tissues. These results thus suggest the potential use of polyP
in regenerative applications for these tissues.?1:2%-31

Given the energy-rich nature of polyPs and their presence in AF
tissues, we hypothesize that polyP plays an important role in AF cell
physiology, bioenergetics, and matrix homeostasis. We tested our
hypothesis by treating human AF cell cultures with polyP (chain length
22, polyP-22) and studying the effect on proteoglycan and collagen
gene expression, matrix production, and AF cells bioenergetics. To our
knowledge, this is the first study to evaluate the effects of polyP on
human AF cells.

2 | MATERIALS AND METHODS

2.1 | Annulus fibrosus cell isolation and culture
Human annulus fibrosus (hAF) cells were isolated from the discarded
cervical IVD tissue of 12 patients (Table 1) undergoing elective surgi-
cal procedures for degenerative cervical disc disease after consent
and institutional ethics board approval. The patient demographics
were average age 52.41 * 10.78; male: female = 2:1; MRI degenera-
tion grade 2.54 + 0.82. The experimental protocols were approved by
the human subjects Institutional Review Board at the University of
Pittsburgh.

AF tissue specimens from individual patients were collected
(pooled if more than one level resected) without attempt made to sep-
arate inner from outer AF tissue and placed in sterile Ham's F-12
medium (GibcoBRL, Grand Island, New York) containing 1% penicillin/
streptomycin (P/S; GibcoBRL, Grand Island) and 5% fetal bovine
serum (FBS; GibcoBRL, Grand Island) in the operating room. hAF cells
were isolated from tissue as previously described,®? after the tissue
was diced into small pieces and sequentially digested with 0.2%
Pronase (Calbiochem, EMD Millipore, San Diego, California) in Ham's
F-12 medium supplemented with 10% FBS and 1% P/S for 1 hour,
followed by 0.02% Collagenase-P (Roche GmBH, Basel, Switzerland)
in Ham's F-12 medium supplemented with 10% FBS and 1% P/S over-
night in an incubator at 37°C and 5% CO..

The isolated hAF cells were then seeded in T-75 flasks at a den-
sity of 600 000 cells/flask in 5 mL of resuspension media and cultured
at 37°C, 21% O, and 5% CO, in a humidified incubator. Cells were
detached from culture flasks at 90% confluency by treating with
0.05% trypsin-EDTA for 3 minutes (Thermo Fisher, Waltham, Massa-
chusetts), counted, and reseeded in multi-well cell culture plates in
densities as per experimental design. Passage 1 hAF cells cultured on

plates grown to 70% to 80% confluency and were treated with polyP-
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TABLE 1 Identification of patient samples and demographics
Pat. No Age (y) Gender Diagnosis Pfirmann grade of degeneration Levels resected
1 57 F Cervical stenosis 2 C6-C7
2 51 M Cervical stenosis 2 C5-Cé; C6-C7
3 65 F Cervical stenosis 3 C5-C6
4 46 F Cervical stenosis 3 C5-C6
5 62 M Cervical stenosis 4 C5-Cé6; C6-C7
6 40 M Cervical stenosis 2 C5-C6
7 38 M Cervical stenosis 2 C5-C6
8 57 M Cervical stenosis 2 C3-C4
9 45 M Cervical disc displacement 2 C5-C6
10 39 M Cervical stenosis 1 C4-C5
11 60 F Cervical stenosis 3 C5-C6
12 69 M Cervical stenosis 3 C5-C6

22 (SPER Chemical Corporation, Clearwater, Florida) at varying con-
centrations (0, 0.5, and 1.0 mM) as previously tested in NP cells.?*
The highest concentration of exogenously administered polyP (1 mM)
is thus approximately 1000 folds the concentration found in healthy
bovine AF tissue.?2

2.2 | Cell proliferation assay

Passage 1 hAF cell culture growth was measured using the CyQUANT
cell proliferation reagent assay (Invitrogen, Grand Island) as per manu-
facturer's instructions. Passage 1 hAF Cells were seeded in 96-well
poly-D-lysine-coated microplates (PerkinElmer, Hopkinton, Massachu-
setts) at a seeding density of 1000 cells/well in Ham's F-12 medium
supplemented with 10% FBS and 1% P/S (100 pL media/well), cul-
tured overnight, and then treated with different concentrations
(0, 0.5, and 1.0 mM) of polyP-22. At 48 hours the medium was
removed, and the cells were incubated with CyQuant dye for
45 minutes at 37°C in a humidified incubator. The fluorescence inten-
sity of each sample was measured using a fluorescence microplate

reader (PerkinElmer).

2.3 | ATPlite luminescence assay
ATP generation in passage 1 hAF cells treated with different concen-
trations of polyP-22 was measured using ATPlite Luminescence Assay
System (catalog number 6016941, PerkinElmer) following manufac-
turer's instructions. hAF cells were seeded onto a 96-well plate at a
density of 2000 cells/well and cultured for 24 hours in 100 pL of
Ham's F-12 media supplemented with 5% FBS and 1% P/S. Following
day, the culture media was replaced with 100 pL fresh culture media
supplemented with different concentrations of polyP-22 (0, 0.5, and
1.0 mM) and cultured for up to 72 hours.

At each time point (1, 3, 6, 12, 24, 48, and 72 hours.), culture
media was removed and 50 pL of mammalian cell lysis solution (kit

component) was added to the culture wells and the culture plate
shaken for 5 minutes. Then 50 pL substrate solution was added to the
wells and the plate was shaken again for 5 minutes. The plate was
dark adapted in the luminescence plate reader (VICTOR Il Light lumi-
nescence plate reader) and luminescence was read.>® The total DNA
content (ng) of each sample well was measured using a Quant-iT
PicoGreen ds DNA Assay Kit (Invitrogen, Eugene, Oregon) and gener-
ated ATP (nM) amount was expressed normalized to total DNA con-
tent (hM/ng).

24 | Total proteoglycan content

Passage 1 hAF cells were seeded at a seeding density of 30 000 cells/
well in six-well cell culture plates in Ham's F-12 medium sup-
plemented with 10% FBS and 1% P/S (2 mL media/well). Cells were
grown to 70% to 80% confluency and media was changed, then
polyP-22 was supplemented in varying concentrations (0, 0.5, and
1.0 mM). After 48 hours of polyP-22 treatment, the cells were
digested with papain digestion solution (300 mg/mL papain, 50 mM
NaOAc, 5mM EDTA, 5 mM L-cysteine, 55 mM citric acid, and
150 mM NaCl) for 6 hours at 65°C. Total glycosaminoglycan (GAG)
content was estimated by measuring the amount of sulfated GAGs as
an indicator of proteoglycans in aliquots of the papain digest using the
dimethylmethylene blue (DMMB) dye binding assay measured via
spectrophotometry at a wavelength of 595 nm as previously
described.?! The total DNA content of each digested sample was
measured using a Quant-iT PicoGreen ds DNA Assay Kit (Invitrogen,
Eugene) and GAG amount was expressed normalized to total DNA
content (ug).

2.5 | Proteoglycan synthesis

Passage 1 hAF cells were seeded at a seeding density of 5000 cells/
well in 24-well cell culture plates in Ham's F-12 medium
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supplemented with 10% FBS and 1% P/S (0.5 mL media/well). Cells
were grown to 70% to 80% confluency and then treated with polyP-
22 supplementation in varying concentrations (0, 0.5, and 1.0 mM). At
the same time 20 mCi/mL 3°S-50, was added for 48 hour. Proteogly-
can synthesis was measured via incorporation of 3°S-50, as described
previously.3* Aliquots of the media were mixed with 2 mL of scintilla-
tion fluid and radioactivity quantified using a scintillation counter and

normalized to DNA content (ng).

2.6 | Collagen synthesis

Passage 1 hAF cells were seeded at a seeding density of 5000 cells/
well in 24-well cell culture plates in Ham's F-12 medium sup-
plemented with 10% FBS and 1% P/S (0.5 mL media/well). Cells were
grown to 70% to 80% confluency and then treated with polyP-22
supplementation in varying concentrations (0, 0.5, and 1.0 mM). At
the same time, 10 pCi/mL 3H-L-proline in 0.5 mL F-12 was added for
48 hour. The medium was collected, and the cell samples were
scraped in in homogenization buffer (0.5 mL/well) and collected and
subjected to three freeze/thaw cycles. The samples were stirred at
4°C overnight, combining the medium and cell layers, then collagen
synthesis was determined by 3H-L-proline incorporation using a modi-
fied collagenase digestion method as previously described.®> One mil-
liliter of the supernatant and aliquots of the pellets dissolved in
0.2 mol/L NaOH were subjected to scintillation counting to determine
the collagen and noncollagen protein synthesis.3® Raw counts per
minute were normalized to DNA content (ng) determined using the
Quant-iT PicoGreen ds DNA Assay Kit (Invitrogen).

2.7 | Cellimmunofluorescence

Passage 1 hAF cells were seeded on eight-well glass plates (p-Slide
8 Well Glass Bottom, #80827, Ibidi GmBH, Fitchburg, Wisconsin) at a
seeding density of 2000cells/well in Ham's F-12 medium supplemented
with 10% FBS and 1% P/S (0.5 mL media/well). After 24 hours, the
media was removed and replaced with fresh Hams F12 supplemented
with varying concentrations of polyP (0, 0.5, and 1.0 mM). After
48 hour of polyP-22 treatment, the media was removed, and the cells
were fixed in 4% paraformaldehyde (PFA) for 15 minutes. PFA was
removed and cells were treated with 0.2% Triton X-100/phosphate-
buffered saline (PBS) and 5% bovine serum albumin (BSA) to block non-
specific binding of antibodies for 15 minutes.

Cells were incubated at 4°C overnight with primary antibodies;
anti-aggrecan antibody (1:300 dilution, catalog number ab1031,
EMD-Millipore, Burlington, Massachusetts) or anti-collagen type
1 antibody (1:200 dilution, catalog number ab34710, Abcam,
Cambridge, Massachusetts), followed by incubation with Alexa
fluor-647 fluorescence conjugated secondary antibody (donkey anti-
rabbit 1gG [H + L], 1:500 dilution, Invitrogen, Carlsbad, California) for
1 hour at 37°C. The secondary antibody solution was removed, and
the cells stained with DAPI (10 pg/mL) for 5 minutes. Afterwards, the

wells were washed with PBS thrice for 5 minutes each. Finally, cells
were mounted using ProLong Gold Antifade Mountant (#P3693,
Thermo-Fischer Scientific, Massachusetts). Samples were visualized
and images were captured using a confocal fluorescence microscope
(Nikon Eclipse Ts100; Nikon Instruments Inc., Melville, New York).
Images used for comparison of different treatments were acquired
with the same instrument settings and exposure times and were

processed equivalently.

2.8 | Western blot analysis

Passage 1 hAF cells were seeded at a seeding density of 30 000 cells/
well in six-well cell culture plates in Ham's F-12 medium sup-
plemented with 10% FBS and 1% P/S (2 mL media/well). Cells were
grown to 70% to 80% confluency, media removed and replaced with
2 mL fresh F-12 media supplemented with polyP-22 in varying con-
centrations (0, 0.5, and 1.0 mM) for 48 hour. At the end of polyP
treatment, cells were lysed as per the manufacturer's instructions
(RIPA lysis buffer, Sigma-Aldrich, St. Louis, Missouri).

All the samples were then measured for total protein concentration
using a BCA Protein Assay Kit (Thermo Scientific, Pittsburgh, Pennsylva-
nia) to ensure equal loading. Loading buffer was added to 30 pg protein
and separated on 10% SDS-PAGE gels before transfer onto PVDF mem-
branes (Bio-Rad, Hercules, California) as previously described.®” The
membranes were probed overnight with primary antibodies reactive
with aggrecan (Cat. No. ab36861, Abcam, dilution 1:500) or collagen
type 1 (Cat. No. ab34710, Abcam, dilution 1:1000). The next day, the
membranes were incubated with the HRP conjugated secondary anti-
body (goat anti-rabbit 1gG, Cat. No. 31460, Thermo-Fischer Scientific,
Burlington, Massachusetts, dilution 1:15000) for 1 hour at room tem-
perature. The blots were then analyzed using LiCoR Odyssey imager (LI-
COR Biosciences, Lincoln, Nebraska) for visualization of the protein
bands, and semi-quantification was performed by using the software on

the LiCoR Odyssey imager.

29 |
analysis

Isolation of MRNA and gene expression

Passage 1 hAF cells were seeded at a seeding density of 30 000 cells/
well and cultured to 70% to 80% confluency in six-well cell culture
plates in Ham's F-12 medium supplemented with 10% FBS and 1%
P/S (2 mL media/well). A low cell density was used for seeding and
the cells allowed to expand before experimentation as the number of
cells obtained from the human tissue was low due to the tissue
amount procured. Cells were treated with fresh media containing
0, 0.5, and 1.0 mM polyP-22. After 48 hour, hAF cells were washed
with phosphate-buffered saline (PBS—/—, calcium and magnesium
free) and then lysed with RLT lysis buffer (Qiagen, Valencia, California)
and RNA was isolated using RNeasy mRNA extraction kit (Qiagen
Germantown, Maryland). Quantitative RT-PCR was performed to
measure relative gene expression of anabolic and catabolic genes of
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interest as previously described.®? Sequence specific primers were
used for aggrecan (ACAN), collagen type | (Col1A1), and matrix
metalloproteinases 1 and 3 (MMP-1 and -3) (Table 2). After normaliza-
tion with GAPDH expression levels, the relative gene expression was
reported as relative fold expression compared to control, using the
AACt method.®®

210 | Statistical analysis

All experiments were repeated a minimum of three times using inde-
pendent cell preparations obtained from different donors. Each condi-
tion was done in triplicate (n = 3) unless otherwise specified. The
results are expressed as mean + SD. Two-way analysis of variation
(ANOVA) was performed using GraphPad Prism (GraphPad Software
Inc., La Jolla, California) and Bonferroni's post hoc analysis was per-

formed. Significance was assigned at P < .05.

3 | RESULTS
3.1 | polyP-22 increases cell proliferation of hAF
cell culture

Cell proliferation is energy demanding and given the reported role of
polyP as an ancient energy biomolecule we tested whether polyP
influences hAF cell growth. Passage 1 hAF cells seeded in 96-well
poly-D-lysine-coated microplates were evaluated for cellular growth
and proliferation rates by using CytoQuant assay at time points 1, 6,
12, 24, and 48 hours. Untreated, 0.5 and 1 mM polyP-22 treated
groups all showed a trend toward increase in cellular proliferation that

TABLE 2 Tabulation of primer sequences used in the study

Gene Sequence NCBI reference
GAPDH Forward-5'-ACC CAC TCC NM_001256799.2
TCCACCTTT GAC

Reverse-3'-TCC ACC ACC
CTG TTG CTG TAG

Aggrecan Forward-5'-AAG AAT CAA NM_001135.3
(ACAN) GTG GAG CCG TGT GTC
Reverse-3'-TGA GAC CTT
GTC CTG ATA GGC ACT
Collagen 1a1 Forward-5'-GGA AAC AGA XM_005257058.4
(Coll1A1) CAA GCA ACC CAAACT
Reverse-3'-GGT CAT GTT
CGG TTG GTC AAA GAT
A
MMP-1 Forward-5'-CCC AAA AGC NM_001145938.1
(MMP3) GTG TGA CAGTA
Reverse-3’-GAG CTC AAC
TTC CGG GTA GA
MMP-3 Forward-5'-CAA GGA GGC NM_002422.5
(MMP3) AGG CAA GAC AGC

Reverse-3’-GCC ACG CAC
AGC AAC AGT AGG

JOR SPit1uec MMkl

continued until 48-hour time point. The 0.5 mM polyP-22 treated
cells at time points 12, 24, and 48 hours showed a higher increase in
cellular proliferation compared to the untreated control cells at
1-hour. The 1 mM polyP-22 treated group showed significantly higher
cell proliferation at 12 (*P = .044), 24 (*P = .038), and 48 (*P = .045)
hours compared to untreated control cells at these individual time
points (Figure 1A).

In addition, to investigate the effect of polyP-22 treatment of
hAF cell morphology, passage 1 hAF cells seeded (30 000 cells/well)
in six-well cell culture plates were imaged in bright field with an
inverted microscope. At 48-hour time point, passage 1 hAF cells
0, 0.5, and 1 mM showed no differences in cell shape and morphol-
ogy. They were elongated and fibroblast like in shape (Figure 1B).
Hence, polyP stimulates hAF cell proliferation without significantly

impacting their cell morphology.

3.2 | Increased ATP production in response to
polyP treatment

The increase in hAF cell proliferation in response to polyP treat-
ment implicates a role for polyP as an energy source as cell prolifer-
ation is an ATP requiring process and polyP has shown to be a
phosphate group donor for ATP synthesis. To investigate if polyP
serves as an energy provider, hAF cells treated with polyP-22 were
assessed for ATP production. The 1 mM polyP-22 treated cells
showed a significant increase in ATP production compared to
untreated controls at time points 12 (*P = .002), 24 (*P = .045), 48
(*P =.02), and 72 (*P = .03) hours. At earlier time points (1, 3, and
6 hours) each of experimental groups exhibited a trend toward
increased ATP production, albeit not significant. The 0.5 mM
polyP-22 treated group showed an initial ATP increase at 12-hour
time point and thereafter ATP levels showed a nonsignificant
decline, possibly due to depletion of nutrients in the culture media.
The 1 mM polyP-22 treated group had a significantly higher ATP
production compared to 0.5 mM polyP-22 treated group at
72-hour time point. (Figure 2).

3.3 | polyP enhances collagen and proteoglycan
matrix production in hAF cell culture

Previous studies reported that polyP enhances proteoglycan matrix
production in NP cells. To demonstrate whether polyP also stimulates
matrix synthesis in hAF cells, we measured total GAG production
(DMMB assay), proteoglycan synthesis (*°S-S0, assay), and collagen
and protein synthesis (*H-L-proline assay) in hAF cells after 48-hour
treatment with polyP.

Total GAG content was significantly increased (*P = .016) in
1 mM polyP-22 treated cells compared to untreated controls. There
was an increase in total GAG in 0.5 mM polyP-22 treatment group,
but this was not significant compared to untreated controls and 1 mM

polyP-22 treated groups (Figure 3A). New proteoglycan synthesis
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FIGURE 2 Total ATP production over various time points by
untreated and polyP-22 treated (0.5 and 1 mM) human annulus
fibrosus cells after 48 hour in culture. N = 3 and significance set at
P < .05 for * 1 mM polyP-22 compared to untreated controls

(335-S0, incorporation) significantly increased only in the 1 mM
polyP-22 treatment group compared to both untreated control
(*P =.003) and 0.5 mM polyP-22 treated groups (*P = .04) (Figure 3B).
Collagen synthesis (*H-L-proline incorporation) significantly increased
only in the 1 mM polyP-22 treatment group compared to untreated
controls (*P = .024); whereas the difference in synthesis between
0.5 mM and 1 mM polyP-22 treatment groups was not significantly
different (Figure 3C). Total protein synthesis showed an increase in
0.5 mM polyP-22 treatment group, though the increase was not sig-
nificant compared to either the untreated control or 1 mM polyP-22

treatment groups (Figure 3D).

3.4 | Immunocytochemistry for aggrecan and
collagen type 1 expression in response to polyP-22
treatment

To further evaluate the stimulation of matrix production by polyP, we
investigated the synthesis and distribution of proteoglycan and colla-
gen in hAF cells by immunofluorescence using specific antibodies
against aggrecan and collagen type 1 on hAF cells treated with and
without polyP-22 for 48 hours. hAF cells treated with both 0.5 mM
and 1 mM polyP-22 showed increased fluorescence intensity with
fluorescent tagged secondary antibody compared to untreated control
group (Figure 4A). On quantification of the fluorescence intensity,
both 0.5 mM and 1 mM polyP-22 treatment groups showed signifi-
cant increases for aggrecan (both 2.4-fold increase, *P = .003) and col-
lagen type 1 (1.3 (*P = .046) and 1.4-fold (*P = .01) increase
respectively) compared to untreated controls. There were no differ-
ences in fluorescent intensities for aggrecan and collagen type
1 between the 0.5mM and 1 mM polyP-22 treatment groups
(Figure 4B). The immunofluorescence results are consistent with
those of matrix synthesis in suggesting that polyP acts as an anabolic

agent in addition to an energy source.
3.5 | Western blot analysis for aggrecan and
collagen type 1 in response to polyP-22 treatment

To investigate the production of aggrecan and collagen, hAF treated

with polyP-22 for 48 hours, western blot analysis with specific
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FIGURE 3 A, Total GAG accumulation, B, quantification of 355.50, incorporation into newly synthesized GAGs, C, quantification of 3H-L-
Proline in newly synthesized collagen and D, protein in untreated and polyP-22 treated (0.5 and 1 mM) human annulus fibrosus cells after
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antibodies was performed. Both the 0.5 mM and 1 mM polyP-22
treatment groups showed increased band intensity when probed for
aggrecan and collagen type 1 compared to untreated control group.
Quantitative analysis showed the 1 mM polyP-22 treatment group to
have significantly higher protein expression levels for both aggrecan
.05 and
The 0.5 mM polyP-22 treatment group only showed

and collagen type 1 compared to untreated control (*P =
P o= .02).

FIGURE 4 A, Immunohistochemistry showing deposition and B, quantitative analysis of aggrecan and collagen type 1 in extracellular matrix
of the of untreated and polyP-22 treated (0.5 and 1 mM) human annulus fibrosus cells after 48 h in culture. Quantification of fluorescence
intensity is expressed as fold change relative to untreated control (dotted line, 0 mM polyP) set at 1. N = 3 and significance * set at P < .05
compared to untreated control. Scale bars represent 100 um at 20X magnification
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significantly increased protein expression for collagen type 1 com-
pared to untreated controls (*P = .03). There were no significant dif-
ferences in protein expression levels for aggrecan and collage type
1 between the 0.5mM and 1 mM polyP-22 treatment groups
(Figure 5A,B). Thus, all three independent assays, immunofluores-
cence, western blot, and radiolabeling, confirmed polyP acts as an

anabolic agent in hAF cells in stimulating matrix production.
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3.6 | Gene expression analysis in response to
polyP-22 treatment

To investigate whether polyP modulates gene expression of major
matrix molecules at the transcription level in hAF cells, real-time qRT-
PCR of selected matrix structural genes was performed 48 hours after
treatment with different doses of polyP-22. Gene expression levels of
aggrecan were significantly increased in both the 0.5 and 1 mM polyP-
22 treatment groups (1.9 (*P = .01) and 2.2-fold (*P = .002) respec-
tively) compared to the untreated control group. The gene expression
of collagen type 1 was found to be significantly increased only in the
1 mM polyP-22 treatment group (3.1-fold, *P = .001), whereas the
0.5 mM polyP-22 treatment group did not show a significant increase
(1.2-fold) compared to the control group. Collagen type 1 gene expres-
sion in the 1 mM polyP-22 group was also significantly increased com-
pared to the 0.5 mM polyP-22 treatment group (*P = .005).

In addition, gene expression of two key MMPs, MMP-1 and
3, were assessed to investigate whether polyP also modulates cata-
bolic processes in hAF cells. MMP-1 gene expression levels in the
untreated control and 0.5 mM polyP-22 treatment groups showed no
differences, whereas the 1 mM polyP-22 treatment group showed a
significant decrease in its expression levels compared to both the
untreated control and 0.5 mM polyP-22 treatment groups (5.0
(*P =.001) and 4.6-fold (*P = .001) respectively). MMP-3 gene expres-
sion analysis showed an increase in expression levels in both the
0.5 mM polyP-22 (2-fold) and 1 mM poly-22 (2.3-fold, (*P = .03))
treatment groups compared to the untreated control group; though
only the increase with 1 mM polyP-22 treatment was significant. The
difference in expression levels between the 0.5 mM and 1 mM polyP-

22 treatment groups was not significant (Figure 6).

4 | DISCUSSION

To best of our knowledge, this study is the first investigating the
effects of polyP on hAF cells. The study showed that polyP has an

(A)

polyP-22 Concentrations

0.5mM

1.0mM

OmM
-—-

Aggrecan

Collagen
Type 1

pacn D GNP G - |
0

-250 kDa

-138 kDa

anabolic effect on hAF cells, increasing expression and synthesis of
proteoglycan and collagen. Western blot analysis showed increased
accumulation of aggrecan and collagen type 1. Upregulation of
aggrecan and collagen type 1 gene expression was consistent with
these findings as they lead to an increase in total GAG, as well as new
proteoglycan and collagen synthesis in polyP-treated hAF cells. These
results, together with the stimulatory effects on increase in ATP pro-
duction and cell proliferation, suggest that polyP-22 serves as an ana-
bolic agent and an energy source for hAF cells.

It has been previously shown that the effect of polyP on differ-
ent cell types is chain length and concentration dependent, with
the specific cell types responding to a certain chain length in a spe-
cific dose and not to others.?13%:37-41 St-pierre et al showed bovine
articular chondrocytes have a maximal increase in proteoglycan
accumulation in engineered cartilage constructs at chain length
45 (polyP-45).%° Gawri et al showed bovine NP cells to show maxi-
mum proteoglycan accumulation at chain lengths 22 and 45 (polyP-
22 and polyP-45), and further evaluated the effects of polyP-22
due to its relatively smaller size and potential ease of delivery to
cells and tissue constructs due to smaller charge densities.2! On
the other hand, exposure to a lower or higher chain length failed to
trigger an anabolic response in these two cell types. For this reason,
we used polyP-22 for our study on hAF cells. Furthermore, Gawri
et al evaluated the effective dosage of polyP in NP cells ranging
from 0-1 mM and showed a maximal anabolic response at 0.5 mM
dose for both chain lengths polyP-22 and polyP-45; thus, we evalu-
ated the optimal dosage of polyP in AF cells by evaluating a dose
curve similar to NP cells.

PolyPs have been shown to increase cellular proliferation in some
cells, for example, S. cerevisiae, and inhibit it in other cell types such as
MCF-7 cancer cell line and D. discoideum.*?™* In IVD tissue, NP cells
showed no increase in cell proliferation compared to untreated con-
trols over a period of 14 days in culture, 2 whereas our findings show
that polyP-22 has a stimulatory effect on human AF cell proliferation
at least within first 48 hours of treatment. These differences could be
due to the total duration of culture and the culture method used, that
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10 %
a % 3 4
@
E.% 25 4 x
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FIGURE 5 A, Western blot probing and B, quantification for aggrecan and collagen type 1 in human annulus fibrosus cell cultures treated
with polyP-22 (0.5 and 1 mM) after 48 hour in culture. Densitometry quantification of band intensity is expressed as fold change relative to
untreated control (dotted line, 0 mM polyP) set at 1. N = 3 and significance * set at P < .05 compared to untreated control
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FIGURE 6 Gene expression profile in human annulus fibrosus
cells treated with polyP-22 (0.5 and 1 mM) after 48 hour in culture.
Gene expression is expressed as fold change relative to untreated
control (dotted line, 0 mM polyP) set at 1. N = 3 and significance
*and “set at P < .05 compared to untreated control and 0.5 mM
polyP-22 treatment groups respectively

is, growth in monolayers vs 3D cultures on calcium-polyP-based bio-
scaffolds. Further studies with increased time in culture and studies
with cells seeded on 3D scaffolds will aid in understanding the exact
effect of polyP on AF cells cultures.

In our study, AF cells treated with poly-22 showed an increase in
aggrecan and collagen type 1 gene expression and synthesis of pro-
teoglycans and collagen type 1 at both 0.5 mM and 1 mM doses of
polyP-22. The AF region of the IVD is typically richer in collagens than
proteoglycans with AF cells producing more collagens to maintain the
IVD tissue composition and physiology. We found that polyP stimu-
lated hAF cells synthesized aggrecan in addition to collagen type 1 in
a dose dependent manner. This could possibly be due to A) an inher-
ent effect of polyP on AF cells and/or B) use of AF cells from donors
with advanced grades of IVD degeneration and undergoing spinal sur-
gery for IVD degeneration; wherein the IVD tissue loses the demarca-
tion of NP and AF regions and the degenerating IVD has a mixed
population of remnant NP and AF cells. Furthermore, since the base-
line production of aggrecan is more than collagen type 1 and the mor-
phology of the procured cells in Figure 4 is not typical of AF cells, this
indicates that cells harvested from the surgical disc tissue are a mixed
population of normal and degenerative AF cells, possibly with some
NP crossover, resulting in mixed nonuniform phenotypes. This is a
shortcoming of our study and further studies are warranted with cells
from healthy human AF tissue obtained strictly from outer AF region.

With polyP treatment, MMP-1 gene expression levels were
reduced, and MMP-3 gene expression levels were increased with the
1 mM dose. This is not necessarily unexpected as it could be an early
remodeling of the newly laid down matrix by AF cells treated with
polyP for 48 hours. Furthermore, MMPs are calcium and zinc ion
dependent enzymes,*® their enzymatic activities could also be regu-
lated by polyPs since polyPs closely regulate free calcium ions
concentrations.*”

In our study, after treatment with polyP-22, the hAF cells showed
increased production of ATP. Previously it has been shown that in NP

JOR SPit1 €. MMdikis

cells, polyP treatment had an added anabolic effect on NP tissue con-
structs when cultured under near physiological hypoxic conditions.?!
Overall, the increase in matrix production in polyP-treated hAF cells is
consistent with the reported function of polyP as an energy source
because matrix synthesis, like cell proliferation, is an energy-
demanding process. The increase in ATP production might have a
beneficial additive effect on AF cells too as the trigger toward anabo-
lism is an energy consuming process and these extra ATP molecules
can help prevent the metabolic shift toward anaerobic respiration*®
and subsequent generation of free radicals and reactive oxygen spe-
cies (ROS). This increase in ATP production with polyP treatment can
be due either to polyP acting as a phosphate group donor® or by its
regulation of mitochondrial function through the membrane perme-
ability transition pore (mPTP).>%>Y Future studies are warranted to
explore this effect of polyP on ATP production and upregulation of
aggrecan and collagen production in response to a blockage of endog-
enous ATP synthesis using the ATP synthetase inhibitors
2,4-dinitrophenol and Bz-423.

In addition, a recent study by Bayev et al showed production and
hydrolysis of inorganic polyP by Fo-F; ATPase in mammalian mito-
chondria, thus providing further evidence of the involvement and
modulation of polyP in mammalian cells, which could utilize polyPs as
an energy source in states of increased demands such as ECM pro-
duction.’? With 1 mM dose, the trend of ATP production was
upwards till 72 hours and further long-term studies are needed to
evaluate whether this trend of increased ATP production is sustained
for longer time periods and how polyPs regulate the bioenergetics in
AF cells. This will be of particular importance if polyP is to be used for
tissue engineering and regenerative medicine applications because AF
tissue generated, with or without scaffolds, will ultimately be
transplanted in the native host tissue and will experience relative hyp-
oxia as part of tissue construct acclimatization. More studies are
needed to demonstrate whether treatment with polyP prevents cell
death and construct rejection in the early days post-transplantation.

PolyP has been shown to have different mechanisms of action(s)
in different cell types; via activating mTOR,**>35% P2Y1 receptors,?®
and FGF receptors.>® Recently Gawri et al showed bovine articular
chondrocytes to exert the action of polyP through calcium mediated
signaling pathway. The mechanism of action of this pro-anabolic
effect of polyP on human AF cells still needs to be explored. Further-
more, intrinsic polyPs were found in native AF tissues,?? indicating a
possible native phosphokinase(s) present in mammalian cells generat-
ing polyPs in these tissues. Future studies will thus be conducted to
decipher the mechanism of action of polyP and finding the kinase

responsible for polyP physiology in AF cells.

5 | CONCLUSIONS

In conclusion, this study shows that polyP has an effect on hAF cells
in culture and has the potential to be developed as a potential thera-
peutic agent for tissue engineering applications for AF tissue regener-

ation. In addition to stimulating matrix production in AF cells, polyP
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may also have an added role as an energy source in modulating ATP
production and providing an additional source of energy during
induced anabolism. Further studies will elucidate these mechanism(s)
and help understand the role of polyP in AF tissue physiology and
pathophysiology.
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