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ARTICLE INFO SUMMARY
Article history: Objective: The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that integrates
Received 21 July 2018 nutrients to execute cell growth. We hypothesized that mTOR is influential in the intervertebral dis-

Accepted 25 January 2019 c—Ilargest avascular, low-nutrient organ. Our objective was to identify the optimal mTOR inhibitor for

treating human degenerative disc disease.

Keywords: ) Design: mTOR complex 1 (mTORC1) regulates p70/ribosomal S6 kinase (p70/S6K), negatively regulates

Eﬁif:ﬁgtegiags&?cells autophagy, and is controlled by Akt. Akt is controlled by phosphatidylinositol 3-kinase (PI3K) and mTOR

Mammal[i)anptarget of rapamycin (mTOR) complex 2 (mTORC2). mTORC1 inhibitors—rapamycin, temsirolimus, everolimus, and curcumin,
mTORC1&mTORC2 inhibitor—INK-128, PI3K&mTOR inhibitor—NVP-BEZ235, and Akt inhibitor—MK-

Akt
Autophagy 2206—were applied to human disc nucleus pulposus (NP) cells. mTOR signaling, autophagy, apoptosis,
Spine senescence, and matrix metabolism were evaluated.

Results: mTORC1 inhibitors decreased p70/S6K but increased Akt phosphorylation, promoted autophagy
with light chain 3 (LC3)-II increases and p62/sequestosome 1 (p62/SQSTM1) decreases, and suppressed
pro-inflammatory interleukin-1 beta (IL-1B)-induced apoptotic terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) positivity (versus rapamycin, 95% confidence interval (CI) —0.431 to
—0.194; temsirolimus, 95% CI —0.529 to —0.292; everolimus, 95% CI —0.477 to —0.241; curcumin, 95% CI
—0.248 to —0.011) and poly (ADP-ribose) polymerase (PARP) and caspase-9 cleavage, senescent senes-
cence-associated beta-galactosidase (SA-B-gal) positivity (versus rapamycin, 95% CI —0.437 to —0.230;
temsirolimus, 95% CI —0.534 to —0.327; everolimus, 95% CI —0.485 to —0.278; curcumin, 95% CI —0.210 to
—0.003) and p16/INK4A expression, and catabolic matrix metalloproteinase (MMP) release and activa-
tion. Meanwhile, dual mTOR inhibitors decreased p70/S6K and Akt phosphorylation without enhanced
autophagy and suppressed apoptosis, senescence, and matrix catabolism. MK-2206 counteracted pro-
tective effects of temsirolimus. Additional disc-tissue analysis found relevance of mTOR signaling to
degeneration grades.
Conclusion: mTORC1 inhibitors—notably temsirolimus with an improved water solubility—but not dual
mTOR inhibitors protect against inflammation-induced apoptosis, senescence, and matrix catabolism in
human disc cells, which depends on Akt and autophagy induction.
© 2019 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Introduction

Low back pain affects ~85% of people during their lives, de-
creases the workforce because of disability, and then increases
medical expenses'. Annual health care costs of low back pain were
estimated up to $102.0 billion in the US®. Low back pain is multi-
factorial; however, intervertebral disc degeneration is recognized
as one of the independent causes®.

The intervertebral disc has a complex structure with the nucleus
pulposus (NP) encapsulated by the annulus fibrosus and endplates,
resulting in the largest avascular organ in the body“. The nutritional
supply to disc NP cells depends on diffusion through the endplates
primarily, which is easily reduced by endplate calcification and
subchondral bone sclerosis occurring with injury, smoking and/or
aging®. Therefore, additional nutrient deprivation is a suspected
contributor to disc degeneration’.

Intervertebral disc degeneration is biochemically characterized
by extracellular matrix degradation*®. Matrix metabolism is regu-
lated by the balance between catabolic enzymes, e.g., matrix met-
alloproteinases (MMPs), and their anti-catabolic molecules, e.g.,
tissue inhibitors of metalloproteinases (TIMPs)’. Increased MMPs
relative to TIMPs are often observed in human clinical®® and rodent
experimental disc degeneration'®~'?, leading to degradation of
matrix components e.g., proteoglycans, principally aggrecan, and
collagens predominantly type 2 in the NP°.

Another major characteristic of disc degeneration is cell
decrease, which primarily results from programmed cell
death—apoptosis'>. A notably high incidence of apoptosis is
observed in human'# and rodent disc aging and degeneration'*>.
The incidence of irreversible cell growth arrest by
aging—senescence'®—also increases with human disc degenera-
tion'”. Furthermore, autophagy, the process by which cells break
down and recycle their own damaged components'®, has gained
increasing attention in the disc'®. Autophagy is an important cell
survival mechanism to sustain metabolism and to prevent the
accumulation of damaged toxic proteins and organelles under
stress, primarily nutrient deprivation's. In molecular signaling,
autophagy is under the tight negative regulation by the mamma-
lian target of rapamycin (mTOR)?’. On the basis of the harsh disc
environment: low nutrition, pH, and oxygen concentration, we
hypothesized that resident cells would utilize autophagy and mTOR
signaling to cope with these stressful conditions.

The mTOR is a serine/threonine kinase which integrates nutri-
ents to execute cell growth and division?’. The mTOR exists in two
complexes of mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2)?°. Down-stream mTORC1 effectors including p70/ribo-
somal S6 kinase (p70/S6K) regulates cell proliferation, messenger
RNA (mRNA) translation, and protein synthesis®’. Then, mTORC1 is
regulated by up-stream Akt, an essential pro-survival mediator by
suppressing apoptosis”’. Moreover, Akt phosphorylation is known
as a major role of the class I phosphatidylinositol 3-kinase (PI3K)
and mTORC2 [Fig. 1172,

The mTOR is the central signal integrator for nutrients and en-
ergy, playing critical roles in cell growth and division?’. Complete
inhibition of mTOR would be harmful. In fact, homogenous mTOR
deletion results in embryonic lethality?2. Therefore, it is required to
identify which subunit(s) of mTOR exerts beneficial effects.
Although we previously reported effects of mTOR-signaling mod-
ulation by the RNA interference technique in human disc cells??, in
clinical use, pharmacological modulation is favorable compared to
gene-silencing therapy because of the safety issue. Rapamycin, an
initially isolated mTORC1 inhibitor, extends mammalian lifespan®*
and also plays protective roles in human chondrocytes””. Despite
striking effectiveness of rapamycin®#?°, rapamycin is not widely
used clinically because of its poor water solubility, resulting in only
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MK-2206
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Fig. 1. Schematic illustration of the mTOR-signaling pathway. The mTOR is a serine/
threonine kinase that integrates nutrients to execute cell growth and division. The
mTOR exists in two complexes of mTORC1 and mTORC2. Down-stream effectors of
mTORC1 including p70/S6K regulate cell proliferation, mRNA translation, and protein
synthesis. Autophagy is under the tight negative regulation of mTORC1. The mTORC1 is
regulated by the up-stream class I PI3K followed by Akt, an essential pro-survival
mediator by suppressing apoptosis. Senescence and matrix catabolism are also
affected by mTOR signaling. To analyze cascade-dependent roles of mTOR signaling,
mTORC1 inhibitors—rapamycin, temsirolimus, everolimus, and curcumin, a dual
mTORC1 and mTORCC2 inhibitor—INK-128, a dual PI3K and mTOR inhibitor—NVP-
BEZ235, and/or an allosteric Akt inhibitor—MK-2206—were applied.

oral administration, and serious adverse effects including immu-
nosuppression’®.  Subsequently,  derivatives of rapamy-
cin—everolimus and temsirolimus—have been developed?®’.
Everolimus is the second novel analog available orally. Temsir-
olimus is a pro-drug which can be given intravenously as well as
orally. Including rapamycin, these agents are the first generation
mTOR inhibitors. A natural polyphenol from the rhizomes of
turmeric—curcumin—is also reported to inhibit mTOR signaling in
various cancer cells?®. Therefore, an in vitro study was designed to
identify the most suitable mTORC1 inhibitor for treating human
degenerative disc disease. No comparative studies of mTORC1 in-
hibitors have been reported in disc cells or chondrocytes. Then, our
previous study found that disc cells increased Akt phosphorylation
by mTORC1 suppression but decreased Akt phosphorylation by
mTORC2 suppression”>. Recently, the second generation mTOR
inhibitors that block both of mTORC1 and mTORC2 have been
developed?’. Therefore, an additional in vitro study was designed to
assess effects of dual mTOR inhibitors on human disc cells. In this
study, a dual mTORC1 and mTORC2 inhibitor—INK-128%7, a dual
PI3K and mTOR inhibitor—NVP-BEZ235%’, and an allosteric Akt
inhibitor—MK-2206°°—were tested. No mechanistic studies of
dual mTOR inhibitors have been conducted in human disc cells or
chondrocytes. Furthermore in the present study, in vivo involve-
ment of mTOR signaling was explored in human degenerative disc
tissues. No reports regarding autophagy levels based on disc
degeneration grade have been published as well.

Materials and methods
Ethics statement

All experimental procedures were performed under the
approval and guidance of the Institutional Review Board (160004)
at Kobe University Graduate School of Medicine. Written informed
consent was obtained from each patient in accordance with the
principles of the Declaration of Helsinki and the laws and regula-
tions of Japan.
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Antibodies and reagents

The antibodies and reagents used are listed in Supplemental
Table 1.

Cells

Human disc NP cells were isolated from patient specimens un-
dertaking lumbar spine surgery for degenerative disease (n = 28:
age, 65.0 + 13.8 [27—83] years; male 12, female 16; Pfirrmann
degeneration grade®, 3.4+ 0.5 [3—4]). Immediately after surgery,
human disc NP tissues were collected from discarded surgical
waste and digested in 1% penicillin/streptomycin-supplemented
Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
bovine serum (FBS) and 0.114% collagenase type 2 for 1 h at 37°C.
Isolated cells were grown to ~80% confluence as a monolayer in 1%
penicillin/streptomycin-supplemented DMEM with 10% FBS at 37°C
under 2% O, to simulate the physiologically hypoxic disc environ-
ment®. To retain the phenotype, only first-passage cells were used
for evaluation.

Cells were pre-cultured in DMEM with 10% FBS for 60 h, fol-
lowed by with 1% FBS 12 h, and then treated for 24 h. As drug
treatment, mTORC1-inhibiting rapamycin, temsirolimus, ever-
olimus, and curcumin, mTORC1-inhibiting and mTORC2-inhibiting
INK-128, PI3K-inhibiting and mTOR-inhibiting NVP-BEZ235, and/or
Akt-inhibiting MK-2206 were applied. The dimethyl sulfoxide was
used as the vehicle of these agents (1:1000 dilution) because of
their limited water solubility. Vehicle control was prepared for all
experiments.

First, cell viability was assessed using the Cell Counting Kit-8
(CCK-8). Western blotting (WB) for mTOR signaling and auto-
phagy was performed in cell protein extracts. Second, to simulate
clinically relevant disease conditions®, cells were also treated by
interleukin-1 beta (IL-1p) at 10 ng/ml with media change to serum-
free DMEM to analyze released proteins®’. The IL-1B is a pro-
inflammatory cytokine closely linked to the pathogenesis and
severity of disc degeneration®'. WB for apoptosis and senescence in
cell protein extracts and matrix catabolism in supernatant protein
extracts was conducted. Cells were also applied to terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL) staining,
senescence-associated beta-galactosidase (SA-B-gal) staining, and
real-time reverse transcription—polymerase chain reaction
(RT—PCR) for matrix components.

Cells of 1.5 x 10°/well (6-well plate) for protein extraction and
RNA isolation, 1.2 x 10%well (8-well chamber) for staining, and
5.0 x 10%/well (96-well plate) for viability assay were distributed
randomly. In each experiment, six cell samples from six patients
were used throughout the tested drugs (n = 6). Cell samples
collected abundantly were used across experiments. Consequently,
total 28 patient samples were used in vitro. To reduce possible
variations based on degeneration grade, only grade-3 and grade-4
disc cells were applied [Fig. 2].

Tissues

Portions of human disc NP tissues surgically obtained from the
lumbar spine were carefully dissected and directly used for protein
extraction (n = 12: age, 45.9 + 21.0 [19—81] years; male 5, female 7;
Pfirrmann degeneration grade, 3.3 + 1.1 [2—5]) [Fig. 2].

Cell viability assay
Cell viability was assessed by CCK-8 dehydrogenase activity, the

absorbance of which (450 nm) was measured using the Model 680
microplate reader.

967

lumbar spine surgery
for degenerative disease

Disc NP cells (n = 28)
Age, 65.0 == 13.8 [27-83] years
Sex, male 12 and female 16
Degeneration grade, 3.4 =% 0.5 [3-4]

Disc NP tissues (n=12)
Age, 45.9 == 21.0 [19-81] years
Sex, male 5 and female 7
Degeneration grade, 3.3 £ 1.1[2-5]

Protein
extraction

First passage
Confluence ~80%
Monolayer
2% 0O,

1 Pre-culture (72 h) l

WB for mTOR signaling
INK, BEZ, MK, or Tem + MK (n=12)
in DMEM with 10% FBS (24 h)
CCK-8 for cell viability (n=6)f Rap = Rapamycin
WB for mTOR signaling and autophagy (n =6) Tem = Temsirolimus
Eve = Everolimus
Cur = Curcumin

Drug treatment with Rap, Tem, Eve, Cur,

Drug treatment with Rap, Tem, Eve, Cur,

INK, BEZ, MK, or Tem + MK i
under pro-inflammatory IL-1B stimulation MK = MK-2206

i ith 09
in DMEM with 0% FBS (24 h) IL-16 = Interleukin-1 beta

WB for apoptosis and senescence (n=6)
Staining for apoptosis and senescence  (n = 6)*
WB for extracellular matrix catabolism (n=6) tTriplicate

Real-time RT-PCR for extracellular matrix (n = 6)* tDuplicate

Fig. 2. Schematic illustration of the study design and sample number. Human
lumbar spine surgery was performed in patients with degenerative disc disease.
Immediately after surgery, human disc NP tissues were digested for cell isolation (total
n = 28). Cells were grown to ~80% confluence as a monolayer in DMEM with 10% FBS at
37°C under 2% 0,. Only first-passage cells were pre-cultured in DMEM with 10% FBS
for 60 h, followed by with 1% for FBS 12 h, and then treated for 24 h. As drug treatment,
mTORC1-inhibiting rapamycin, temsirolimus, everolimus, and curcumin, mTORC1-
inhibiting and mTORC2-inhibiting INK-128, PI3K-inhibiting and mTOR-inhibiting
NVP-BEZ235, and/or Akt-inhibiting MK-2206 were applied. The vehicle control was
prepared. First, CCK-8 assay for viability and WB for mTOR signaling and autophagy
were performed in cells in DMEM with 10% FBS and drug supplementation. Second,
under pro-inflammatory IL-1p stimulation, WB and staining assays for apoptosis and
senescence and WB and real-time RT—PCR for extracellular matrix were performed in
cells in DMEM with 0% FBS and drug supplementation. Each patient sample analysis
was performed in duplicate in cell viability assay or triplicate in staining assays and
real-time RT—PCR. The single data value was obtained by averaging technical repli-
cates. These experiments were then conducted six times using six different patient
samples (n = 6). Also, WB was conducted six times using six different patient samples
and representative immunoblots of six similar results were shown (n = 6). In addition,
portions of human disc NP tissues were directly used for protein extraction to assess
mTOR signaling by WB (total n = 12).

Protein extraction

Cells were scraped off on ice in the 3-(N-morpholino)propane-
sulfonic acid buffer containing protease and phosphatase in-
hibitors. Soluble proteins were collected after centrifugation at
20,000 g for 15 min at 4°C. Non-serum-containing culture media
were also collected, centrifuged at 1000 g for 10 min at 4°C to
remove cellular debris, and concentrated using Amicon Ultra spin
columns.

Tissues were homogenized using the MS-100R bead-beating
disrupter for 30 s twice at 4°C in the T-PER tissue protein extraction
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reagent with protease and phosphatase inhibitors. Soluble proteins
were collected after centrifugation at 20,000 g for 15 min at 4°C.

Protein concentration was determined by the bicinchoninic acid
assay. Samples were stored at —80°C.

Sodium dodecyl sulfate (SDS)—polyacrylamide gel electrophoresis
and WB

Equal 30-pg amounts of protein were mixed with the electro-
phoresis sample buffer and boiled for 5 min before loading onto a
7.5—15.0% polyacrylamide gel. Separated proteins in the Tris—gly-
cine—SDS buffer system were transblotted electrically and probed
with primary antibodies for 12 h in 4°C (1:200—1:1000 dilution)
followed by secondary antibodies (1:2000 dilution). Signals were
visualized by enhanced chemiluminescence. Images were obtained
using the Chemilumino analyzer LAS-3000 mini. Band intensity
was quantified using the Image] software (http://rsweb.nih.gov/ij/).

WB was designed to analyze intracellular expression of disc NP-
associated notochordal markers, brachyury and CD24°2, mTOR
signaling-related mTOR, phosphorylated mTOR, Akt, phosphory-
lated Akt, p70/S6K, and phosphorylated p70/S6K?°, autophagy-
related light chain 3 (LC3) and p62/sequestosome 1 (p62/
SQSTM1)>>, apoptosis-related poly (ADP-ribose) polymerase
(PARP)** and cleaved caspase-9°°, senescence-related p16/INK4A>®
in total cell or tissue protein extracts. Actin was used as a loading
control. WB was also designed to analyze released expression of
catabolic MMP-2, MMP-3, MMP-9, and MMP-13 and anti-catabolic
TIMP-1 and TIMP-2 in supernatant protein extracts.

TUNEL staining

Apoptotic cells were identified using a fluorescein-labeled
TUNEL assay kit>”. Cells were fixed with 4% paraformaldehyde for
10 min. The 4’,6-diamidino-2-phenylindole (DAPI) was used for
counterstaining. Images were photographed by the BZ-X700 mi-
croscope. The percentage of TUNEL-positive cells was calculated as
relative to the number of DAPI-positive total cells, which were both
counted in six random low-power fields (x100) using the Image].

SA-(-gal staining

Cytochemical staining was performed to detect senescence us-
ing a SA-B-gal staining kit at pH 6°%. The percentage of SA-p-gal-
positive cells was similarly calculated in six random low-power
fields (x100).

RNA isolation and real-time RT—PCR

Total RNA was extracted using the RNeasy mini kit, and 0.1 pg of
RNA was reverse-transcribed with random primers. mRNA
expression levels of anabolic ACAN encoding aggrecan and COL2A1
encoding collagen type Il alpha 1 chain relative to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were assessed by real-time
RT—PCR using SYBR Green fluorescent dye. Good feasibility of
GAPDH as an endogenous control for disc cells was established

previously®®. The primer sequences were as follows: ACAN, for-
ward 5-AAGAATCAAGTGGAGCCGTGTGTC-3', reverse 5'-TGA-
GACCTTGTCCTGATAGGCACT-3'; COL2A1, forward 5-AAGGTGCTTC
TGGTCCTGCTG-3', reverse 5-GGGATTCCATTAGCACCATCTTTG-3;
GAPDH, forward 5'-GAGGCCGGTGCTGAGTAT-3', reverse 5'-
GCGGAGATGATGACCCTTTTGG-3'. The established primer se-
quences were found from prior reports*’ or purchased from Takara
Bio. Measurements were performed using the ABI Prism 7500 real-
time PCR system. Melting curve analysis was performed using the
Dissociation Curves software to ensure that only a single product
was amplified. Relative mRNA expression was analyzed using the
2-88Ct method?!. The vehicle control value was set as 1.

Statistical analysis

In vitro, each patient sample analysis was performed in dupli-
cate in cell viability assay or triplicate in staining assays and real-
time RT—PCR (2 or 3 technical replicates). The single data value
was obtained by averaging these replicates. These experiments
were then conducted six times using six different patient samples
(6 biological replicates) (n = 6). WB was also conducted six times
using six different patient samples and representative immuno-
blots of six similar results were shown (n = 6). In vivo, WB was
conducted using 12 different patient samples (n = 12).

In cell viability assay, dose-dependent effects of the agent were
calculated as relative scores of the vehicle control. In real-time
RT—PCR, effects of the agent on target gene/GAPDH expression
were shown as relative values of the vehicle control. In positivity
analysis of staining assays and protein expression measurements of
WA, effects of the agent were tested using replicates from the same
donors. One-way repeated measures analysis of variance (ANOVA)
with the Tukey—Kramer post-hoc test was thus used. Normal dis-
tributions were evaluated by using the Shapiro—Wilk test as well as
the shape of the histogram and boxplot, similarity of mean and
median values, and symmetry of the 25" and 75™ percentiles.

Consequently, only ACAN/GAPDH mRNA expression ratios in
real-time RT—PCR were not normally distributed. In this analysis,
non-parametric Kruskal-Wallis test with the Steel-Dwass post-
hoc test was applied.

Data are expressed as the mean + 95% confidence interval (CI).
Statistical analysis was performed using IBM SPSS Statistics 23.0
(IBM, Armonk, NY) or R (https://www.r-project.org/).

Results

Pharmacological mTORC1 inhibition activates Akt and autophagy in
human disc NP cells

First, we validated human disc NP cells isolated from surgical
specimens, which all showed positive expression of disc NP
notochord-phenotypic brachyury and CD24>?. Furthermore, all cell
samples had constant mTOR, p70/S6K, and Akt expression [Fig. 3(A)].

Next, to identify drug toxicity, dose-dependent cell viability was
analyzed based on CCK-8. Cell viability significantly decreased by
temsirolimus (versus control, 95% CI —0.329 to —0.006) and

Fig. 3. Pharmacological mTORC1 inhibition activates Akt and autophagy in human disc NP cells. (A) WB for disc NP-phenotypic brachyury and CD24 and mTOR signaling-
related mTOR, p70/S6K, and Akt in total protein extracts from human disc NP cells of patients who underwent lumbar spine surgery for degenerative disease after 240-h cul-
ture in DMEM with 10% FBS. Actin was used as a loading control. Immunoblots show samples randomly selected (n = 6). (B) Cell viability of human disc NP cells using CCK-8 after
24-h treatment of 0—50-uM mTORC1-inhibiting rapamycin, temsirolimus, everolimus, or curcumin in DMEM with 10% FBS. Changes in CCK-8 dehydrogenase activity of drug
treatment relative to the vehicle control are shown. Data are the mean + 95% CI. One-way repeated measures ANOVA with the Tukey—Kramer post-hoc test was used (n = 6). (C) WB
for mTOR signaling-related mTOR, phosphorylated mTOR (p-mTOR), p70/S6K, phosphorylated p70/S6K (p-p70/S6K), Akt, and phosphorylated Akt (p-Akt), autophagy-related LC3
and p62/SQSTM1, and actin in total protein extracts from human disc NP cells after 24-h treatment of 100-nM mTORC1-inhibiting rapamycin, temsirolimus, everolimus, curcumin,
or vehicle control in DMEM with 10% FBS. WB for LC3 and actin in human disc NP-cell total protein extracts in 10% FBS-supplemented DMEM with 15-uM chloroquine was also
performed to assess LC3 turnover. Immunoblots shown are representative of experiments with similar results (n = 6).
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everolimus (versus control, 95% Cl —0.359 to —0.137) at >1 pM. To
directly compare effectiveness of mTORC1 inhibitors, analysis at the
same dose of 100 nM was selected as an effective but non-toxic
concentration [Fig. 3(B)].

Then, we assessed mTOR signaling. WB demonstrated that
rapamycin, temsirolimus, and everolimus successfully decreased
mTOR and down-stream p70/S6K phosphorylation but increased
up-stream Akt phosphorylation, although curcumin did not affect
these phosphorylation [Fig. 3(C) and Supplemental Table 2]. This
Akt activation is through the negative feedback loop from p70/S6K
to the class I PI3K*’. The PI3K is responsible for various cellular
functions related to the competence to activate Akt*.

We further assessed autophagy. WB displayed that rapamycin,
temsirolimus, and everolimus increased LC3-II and decreased p62/
SQSTM1 [Fig. 3(C) and Supplemental Table 2]. The
phosphatidylethanolamine-conjugated form of LC3, LC3-II (unlike its
cytosolic form, LC3-I), is the only protein marker reliably associated
with completed autophagosomes®>. The p62/SQSTM1 and p62/
SQSTM1-bound polyubiquitinated proteins become incorporated
into completed autophagosomes and degraded in autolysosomes,
thus serving as an autophagy substrate®>. Hence, the observed
findings are consistent with enhanced autophagy. To make sure
increased autophagic flux, LC3 turnover assay using a lysosomotropic
compound, chloroquine, was conducted. Chloroquine is known to
induce the accumulation of autophagosomes with LC3-II by blocking
lysosomal acidification®®. Chloroquine administration presented
increased LC3-II expression under all mTORC1-inhibiting conditions,
indicating successful inhibition of LC3-II degradation. Then, the de-
gree of autophagic LC3-II accumulation was most prominent in
temsirolimus treatment [Fig. 3(C) and Supplemental Table 2].

Pharmacological mTORC1 inhibition protects against apoptosis,
senescence, and matrix catabolism in human disc NP cells

Next, we assessed cell death, aging, and matrix metabolism. WB
showed that pro-inflammatory IL-1f stimulation increased PARP
and caspase-9 cleavage, indicating apoptosis induction, and p16/
INK4A expression, indicating senescence induction. Then, all
mTORC1 inhibitors suppressed IL-1B-induced apoptotic and se-
nescent changes. This trend was distinct in rapamycin, temsir-
olimus, and everolimus [Fig. 4(A) and Supplemental Table 2].

These anti-apoptotic and anti-senescent effects of mTORC1 in-
hibitors were further confirmed by TUNEL and SA-B-gal staining
assays, respectively. The percentage of TUNEL-positive cells
increased by IL-1B (versus control, 95% CI 0.429 to 0.666). This
change was suppressed by mTORC1 inhibitors (IL-1f8 vs IL-
1B&rapamycin, 95% CI —0.431 to —0.194; IL-1B&temsirolimus, 95%
CI —0.529 to —0.292; IL-1B&everolimus, 95% CI —0.477 to —0.241;
IL-1B&curcumin, 95% CI —0.248 to —0.011). The SA-B-gal-positive
cell percentage increased by IL-1f (versus control, 95% CI 0.345 to
0.552), which was also suppressed by mTORC1 inhibitors (IL-1f vs
[L-1B&rapamycin, 95% CI —0.437 to —0.230; IL-1B&temsirolimus,
95% CI —0.534 to —0.327; IL-1B&everolimus, 95% CI —0.485 to
—0.278; IL-1B&curcumin, 95% CI —0.210 to —0.003) [Fig. 4(B)].

In culture supernatants, IL-1§ induced the shift of matrix meta-
bolism toward catabolism showing drastically increased catabolic
MMP-2, MMP-3, MMP-9 and MMP-13 and anti-catabolic TIMP-1
and TIMP-2. These release was markedly reduced by rapamycin,
temsirolimus, and everolimus [Fig. 4(C) and Supplemental Table 2].

Real-time RT—PCR further demonstrated the trend toward IL-
1B-induced down-regulation of anabolic ACAN (versus control,
P=0.06) and COL2A1 genes (versus control, 95% CI —2.101 to 1.220).
Then, the first generation mTOR inhibitors showed the tendency
toward up-regulation of ACAN (IL-18 vs IL-1B&rapamycin, P = 0.09;
IL-1B&temsirolimus, P = 0.09; IL-1P&everolimus, P = 0.09) and
COL2A1 mRNA expression (IL-1 vs IL-1B&rapamycin, 95% CI 0.652
to 3.974; IL-1P&temsirolimus, 95% CI 0.764 to 4.086; IL-
1B&everolimus, 95% CI —0.010 to 3.312) [Fig. 4(D)]. All the tested
mTORC1 inhibitors induce anti-apoptosis, anti-senescence, and
anti-matrix catabolism—notably, temsirolimus.

Pharmacological dual mTOR inhibition does not protect against
apoptosis, senescence, and matrix catabolism in human disc NP cells

We further tested the second generation mTOR inhibitors. We
selected INK-128 to block mTORC1 and mTORC2 and NVP-BEZ235
to block PI3K and both mTOR complexes, which are under clinical
trials for advanced solid tumors?’. Reduced cell viability was
observed at >1 pM of INK-128 (versus control, 95% CI —0.523 to
—0.182) and >100 nM of NVP-BEZ235 (versus control, 95%
CI —0.498 to —0.223). Hence, 100 nM was selected to compare ef-
fects at the same dose as the tested mTORC1 inhibitors [Fig. 5(A)].

WB showed that INK-128 and NVP-BEZ235 both decreased
mTOR, p70/S6K, and then Akt phosphorylation, indicating success-
ful extensive mTOR inhibition. However, both treatments displayed
neither marked increases in LC3-II nor decreases in p62/SQSTM1.
The LC3 turnover assay also revealed no obvious increases in LC3-IL.
Despite distinct mTORC1 inhibition, the tested dual mTOR inhibitors
did not induce autophagy [Fig. 5(B) and Supplemental Table 2].

Unlike mTORC1 inhibitors, WB demonstrated that INK-128 and
NVP-BEZ235 did not suppress IL-1B-induced increases in apoptotic
cleaved PARP and cleaved caspase-9 and senescent p16/INK4A.
Actually, both these agents accelerated these apoptotic and senes-
cent changes [Fig. 5(C) and Supplemental Table 2].

In culture supernatants, WB displayed that INK-128 and NVP-
BEZ235 did not reduce IL-1f-induced release and activation of
catabolic MMP-2, MMP-3, MMP-9, and MMP-13. Anti-catabolic
TIMP-1 and TIMP-2 production by IL-1f was also not affected
substantially [Fig. 5(D) and Supplemental Table 2]. The second
generation mTOR inhibitors do not rescue human disc cells against
inflammation.

Pro-autophagic, anti-apoptotic, anti-senescent, and anti-catabolic
effects of mTORC1 inhibition depend on Akt activation in human
disc NP cells

Our findings raised the hypothesis that beneficial effects of
mTORC1 inhibitors would depend on Akt activation. Therefore, we

Fig. 4. Pharmacological mTORC1 inhibition protects against apoptosis, senescence, and matrix catabolism in human disc NP cells. (A) WB for apoptotic PARP, cleaved PARP,
and cleaved caspase-9 and senescent p16/INK4A in total protein extracts from human disc NP cells after 24-h treatment of 100-nM mTORC1-inhibiting rapamycin, temsirolimus,
everolimus, curcumin, or vehicle control in serum-free DMEM with or without 10-ng/ml IL-1f. Actin was used as a loading control. (B) Immunofluorescence for apoptotic TUNEL
(green), nuclear DAPI (blue), and merged signals and cytochemical SA-B-gal staining for senescence detection in human disc NP cells after the same treatment. Changes in the
percentage of TUNEL-positive cells in DAPI-positive cells and of SA-B-gal-positive cells in total cells are shown. The number of cells was counted in six random low-power fields
(x100). Data are the mean + 95% CI. One-way repeated measures ANOVA with the Tukey—Kramer post-hoc test was used (n = 6). (C) WB for catabolic MMP-2, MMP-3, MMP-9, and
MMP-13 and anti-catabolic TIMP-1 and TIMP-2 in supernatant protein extracts from human disc NP cells after the same treatment. (D) Real-time RT—PCR for anabolic ACAN and
COL2AT1 in total RNA extracts from human disc NP cells after the same treatment. GAPDH was used as an endogenous control. Changes in ACAN/GAPDH and COL2A1/GAPDH mRNA
expression of drug and IL-1p treatment relative to the vehicle control are shown. Data are the mean + 95% CI. Based on the normality of data distributions, one-way repeated
measures ANOVA with the Tukey—Kramer post-hoc test was used for COL2A1 while the Kruskal—-Wallis test with the Steel-Dwass post-hoc test was used for ACAN (n = 6). In (A),
(B), and (C), immunoblots and images shown are representative of experiments with similar results (n = 6).
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Fig. 5. Pharmacological dual mTOR inhibition does not protect against
apoptosis, senescence, and matrix catabolism in human disc NP cells. (A) Cell
viability of human disc NP cells using CCK-8 after 24-h treatment of 0—50-uM
mTORC1-inhibiting and mTORC2-inhibiting INK-128 or PI3K-inhibiting and mTOR-
inhibiting NVP-BEZ235 in DMEM with 10% FBS. Changes in CCK-8 dehydrogenase
activity of drug treatment relative to the vehicle control are shown. Data are the
mean + 95% CI. One-way repeated measures ANOVA with the Tukey—Kramer post-
hoc test was used (n = 6). (B) WB for mTOR signaling-related mTOR, phosphory-
lated mTOR (p-mTOR), p70/S6K, phosphorylated p70/S6K (p-p70/S6K), Akt, and
phosphorylated Akt (p-Akt) and autophagy-related LC3 and p62/SQSTM1 in total
protein extracts from human disc NP cells after 24-h treatment of 100-nM INK-128,
NVP-BEZ235, or vehicle control in DMEM with 10% FBS. Actin was used as a loading
control. WB for LC3 and actin in human disc NP-cell total protein extracts in 10%
FBS-supplemented DMEM with 15-uM chloroquine was also performed to assess
LC3 turnover. (C) WB for apoptotic PARP, cleaved PARP, and cleaved caspase-9,
senescent p16/INK4A, and actin in total protein extracts from human disc NP
cells after 24-h treatment of 100-nM INK-128, NVP-BEZ235, or vehicle control in
serum-free DMEM with or without 10-ng/ml IL-1B. (D) WB for catabolic MMP-2,
MMP-3, MMP-9, and MMP-13 and anti-catabolic TIMP-1 and TIMP-2 in superna-
tant protein extracts from human disc NP cells after the same treatment. In (B), (C),
and (D), immunoblots shown are representative of experiments with similar results
(n =6).

tested an allosteric Akt inhibitor, MK-2206, which is also under
clinical trials for renal cell carcinoma®’. We analyzed the combined
administration of temsirolimus and MK-2206 as well as the inde-
pendent administration of MK-2206. The CCK-8 assay demon-
strated dose-dependent cell toxicity by MK-2206 at >5 puM (versus
control, 95% CI —0.794 to —0.268). We selected 5 pM as a tested
concentration of MK-2206 based on prior reports [Fig. 6(A)]*.
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Fig. 6. Pro- phagic, anti-apoptotic, anti- ent, and anti-catabolic effects of
mTORC1 inhibition depend on Akt activation in human disc NP cells. (A) Cell
viability of human disc NP cells using CCK-8 after 24-h treatment of 0—50-uM Akt-
inhibiting MK-2206 in DMEM with 10% FBS. Changes in CCK-8 dehydrogenase activ-
ity of drug treatment relative to the vehicle control are shown. Data are the
mean + 95% CI. One-way repeated measures ANOVA with the Tukey—Kramer post-hoc
test was used (n = 6). (B) WB for mTOR signaling-related mTOR, phosphorylated mTOR
(p-mTOR), p70/S6K, phosphorylated p70/S6K (p-p70/S6K), Akt, and phosphorylated
Akt (p-Akt) and autophagy-related LC3 and p62/SQSTM1 in total protein extracts from
human disc NP cells after 24-h treatment of 100-nM mTORC1-inhibiting temsirolimus,
5-uM MK-2206, combined 100-nM temsirolimus and 5-uM MK-2206, or vehicle con-
trol in DMEM with 10% FBS. Actin was used as a loading control. WB for LC3 and actin
in human disc NP-cell total protein extracts in 10% FBS-supplemented DMEM with 15-
UM chloroquine was also performed to assess LC3 turnover. (C) WB for apoptotic PARP,
cleaved PARP, and cleaved caspase-9, senescent p16/INK4A, and actin in total protein
extracts from human disc NP cells after 24-h treatment of 100-nM temsirolimus, 5-uM
MK-2206, combined 100-nM temsirolimus and 5-uM MK-2206, or vehicle control in
serum-free DMEM with or without 10-ng/ml IL-1p. (D) WB for catabolic MMP-2, MMP-
3, MMP-9, and MMP-13 and anti-catabolic TIMP-1 and TIMP-2 in supernatant protein
extracts from human disc NP cells after the same treatment. In (B), (C), and (D), im-
munoblots shown are representative of experiments with similar results (n = 6).
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WB showed that MK-2206 with or without temsirolimus
decreased mTOR, p70/S6K, and Akt phosphorylation, indicating
successful Akt inhibition. However, MK-2206 presented unchanged
LC3-II and p62/SQSTM1 expression, indicating autophagy non-
activation. The LC3 turnover assay further exhibited decreased
autophagic flux [Fig. 6(B) and Supplemental Table 2].

Under IL-1B stimulation, increases in apoptotic and senescent
markers were suppressed by temsirolimus but further enhanced by
MK-2206, clearly indicating up-stream regulation of cell death and
aging by Akt [Fig. 6(C) and Supplemental Table 2].

Similarly, catabolic MMP and anti-catabolic TIMP release by IL-
1B was suppressed by temsirolimus but further exaggerated by MK-
2206, suggesting the maintenance of matrix homeostasis by Akt
[Fig. 6(D) and Supplemental Table 2]. Based on anti-autophagic,
pro-apoptotic, pro-senescent, and pro-catabolic findings of Akt
inhibition by MK-2206, protective effects of temsirolimus against
inflammation primarily depend on Akt activation in human disc
cells.

mTOR signaling has relevance to degeneration grades in human disc
NP tissues

Additionally, we examined in vivo involvement of mTOR
signaling in human disc NP surgical specimens. WB showed rela-
tively maintained expression of disc NP-phenotypic brachyury and
CD24, which subsequently decreased in discs with advanced ages
and degeneration grades. Expression of mTOR, p70/S6K, and Akt
was detectable in all discs with 19 to 81 in ages and 2 to 5 in
degeneration grades. Phosphorylation of mTOR, p70/S6K, and Akt
was also detectable. Furthermore, mTOR, p70/S6K, and Akt
expression and phosphorylation were all marked in Pfirrmann
grade-3 discs, although it did not provide conclusive evidence from
viewpoints of the sample size and variation in in vivo tissues [Fig. 7].

Discussion

This is the first mechanistic study by using clinically available
drugs to demonstrate cascade-dependent, differential roles of
mTOR signaling in human intervertebral disc cells. We tested
mTORC1 inhibitors—rapamycin, temsirolimus, everolimus, and
curcumin, revealing decreased mTOR and p70/S6K but increased

Human disc NP tissues

973

Akt phosphorylation. All these agents provided consistent pro-
autophagic, anti-apoptotic, anti-senescent, and anti-catabolic ef-
fects. Autophagy is negatively regulated by mTORC1%°. Apoptosis
can be suppressed by Akt activation through the negative feedback
loop from p70/S6K*2. The Akt promotes cell survival directly by
blocking pro-apoptotic proteins including the Bcl-2-associated
death promoter protein and through effects on transcription fac-
tors such as forkhead box O and p532!. Senescence would also be
affected by mTORC1 that controls cell cycle and proliferation
positively through p70/S6K and negatively through eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1)?°. Di-
etary restriction-induced lifespan extension requires 4E-BP1%4,
Lifespan extension is also accomplished by p70/S6K deletion®.
Mice with hypomorphic mTOR (approximately 25% of wild-type
levels) have shown increased lifespan and reduced aging tissue
biomarkers, e.g., p16/INK4A*®. Furthermore, mice with articular
cartilage-specific mTOR deletion have shown to be protective
against destabilized medial meniscus-induced osteoarthritis based
on enhanced autophagy, decreased apoptosis, and then increased
catabolic MMP-13 expression®’. In matrix metabolism, we previ-
ously reported a possible regulation of MMP expression and acti-
vation by mTORC1 and p70/S6K-mediated translation®>. In this
study, the optimal effectiveness of temsirolimus is noteworthy. This
potentially results from an improved water solubility that enables
intravenous administration while others are approved only for oral
administration’®, Meanwhile, curcumin was not toxic but less
effective. A poor aqueous solubility, low bioavailability, and intense
staining color of curcumin have been reported as problems*:.
Therefore, we selected temsirolimus as a candidate of the optimal
mTORC1 inhibitor for human disc disease [Fig. 8]. When clinical
applications of temsirolimus are considered, adverse immunosup-
pression would recommend its local intra-discal injection rather
than systemic administration.

The second generation mTOR inhibitors that can block multiple
mTOR-signaling components have been developed for cancer
treatment®’. These agents have been proven to be more powerful
than mTORC1 inhibitors in reduced protein synthesis and attenu-
ated cell-cycle progression?’. In this study, the tested dual mTOR
inhibitors—INK-128 and BEZ-NVP235—both decreased mTOR,
p70/S6K, and Akt phosphorylation. Then, INK-128 and BEZ-NVP235
accelerated disc cell apoptosis, which can be explained by mTORC2
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Fig. 7. mTOR signaling has relevance to degeneration grades in human disc NP tissues. WB for disc NP-phenotypic brachyury and CD24 and mTOR signaling-related mTOR,
phosphorylated mTOR (p-mTOR), p70/S6K, phosphorylated p70/S6K (p-p70/S6K), Akt, and phosphorylated Akt (p-Akt) in total protein extracts from human disc NP tissues of
patients who underwent lumbar spine surgery for degenerative disease. Actin was used as a loading control. Immunoblots show samples randomly selected (n = 12).
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Fig. 8. Schematic illustration of effects of mTORC1 inhibition by temsirolimus on
human disc NP cells. The mTOR is a serine/threonine kinase that integrates nutrients
to execute cell growth and division. The mTOR exists in two complexes of mTORC1 and
mTORC2. Down-stream effectors of mTORC1 including p70/S6K regulate cell prolifer-
ation, mRNA translation, and protein synthesis. Autophagy is under the tight negative
regulation of mTORC1. The mTORCT1 is regulated by the up-stream class I PI3K followed
by Akt, an essential pro-survival mediator by suppressing apoptosis. Senescence and
matrix catabolism are also affected by mTOR signaling. In human disc NP cells,
mTORC1 inhibition by temsirolimus decreased p70/S6K phosphorylation but increased
Akt phosphorylation through the negative feedback loop for the class I PI3K.
Furthermore, mTORC1 inhibition by temsirolimus suppressed apoptosis, senescence,
and matrix catabolism as well as enhanced autophagy, depending on Akt activation
primarily.

inhibition-mediated Akt suppression®’. Furthermore, these agents
stimulated disc cellular senescence and matrix catabolism. The Akt
increases cell proliferation through not only mTORC1 induction
(p70/S6K induction and 4E-BP1 inhibition) but also other pathways
including inhibition of negative cell-cycle regulators p27/KIP1 and
p21/CIP1%'. The mitogen-activated protein kinase signaling, a major
cascade of catabolic MMP production and activation’, has Akt-
dependent inactivation’’. Our findings indicate that dual mTOR
inhibitors are not helpful for human disc cells due to Akt
suppression.

To determine the direct evidence of Akt roles in human disc
cells, we tested an allosteric Akt inhibitor—MK-2206. In the inde-
pendent and also combined use with mTORC1-inhibiting temsir-
olimus, MK-2206 showed a marked inhibition of Akt
phosphorylation, subsequently resulting in decreased mTOR and
p70/S6K phosphorylation. Furthermore, Akt inhibition by MK-2206
clearly diminished anti-apoptotic, anti-senescent, and anti-
catabolic effects of temsirolimus. In mice, Aktl controls endo-
chondral ossification in skeletal growth and osteophyte formation
in osteoarthritis*. Thus, the present study disclose that Akt is the
key regulator of mTOR signaling in human disc cells.

Interestingly, despite the negative regulation of autophagy by
mTORC1 followed by Akt?°, dual mTOR inhibitors and MK-2206
with extensive suppression of PI3K/Akt/mTOR signaling did not
activate autophagy in human disc cells. Similar responses were
observed in human lymphoblasts, in which accelerated autophagy
at early time points but switched autophagy to apoptosis were
observed by MK-2206 augmentation®’. Anti-apoptotic and anti-
senescent effects of autophagy are well reported'®232>33, Further
investigations for autophagy regulation through the Akt-signaling
network in disc cells are required.

Our disc-tissue WB previously found age-dependent decreases
in Akt expression and phosphorylation?>. In this study, we further

reported increases in mTOR, p70/S6K, and Akt expression and
phosphorylation of grade-3 discs. Despite the increased interest of
mTOR signaling?’, its actual involvement in disc degeneration is
largely unknown. The observed mTOR-signaling molecule expres-
sion and phosphorylation with aging and degeneration grades are
potentially supportive to disclose the involvement in disc health.
However, due to the variation in in vivo expression and phos-
phorylation levels of intracellular signaling molecules, future ex-
aminations with larger sample sizes are required to obtain
conclusive evidence.

This study lacks in vivo drug treatment data. To clarify impacts of
biological mTOR-modulating therapies, we are conducting animal
model studies of disc degeneration'%~'21>39, Another limitation is
the monolayer cell culture. Three-dimensional culture systems are
favorable to simulate the physiological environment of the disc NP;
however, it was difficult to analyze detailed molecular signaling
using alginate gel beads. An additional limitation is limited
consideration of variations in age, sex, and disc degeneration grade,
although the current in vitro findings were consistent regardless
these parameters. These are subjects to be studied in the future.

In conclusion, mTORC1 inhibitors but not dual mTOR inhibitors
protect against inflammation-induced apoptosis, senescence, and
matrix catabolism in human disc cells. Beneficial effects of mTORC1
inhibitors—notably temsirolimus with an improved water sol-
ubility—depend on the induction of Akt as well as autophagy,
providing insight into biological therapy.
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