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B-catenin-promoted cholesterol metabolism protects against cellular
senescence in naked mole-rat cells

The naked mole-rat (NMR; Heterocephalus glaber) exhibits cancer resistance and an
exceptionally long lifespan of approximately 30 years. The longevity of the NMR is
widely debated, as it poses challenges to theories associated with aging, cancer, and
redox homeostasis. In the present study, | report unique mechanisms of cholesterol
metabolism in NMR cells that could be responsible for their anti-senescent properties.
| found that NMR fibroblasts abundantly express B-catenin, and that increased [3-catenin
activity is linked to increased accumulation of cholesterol-enriched lipid droplets.
Either B-catenin knockdown or inhibition of cholesterol synthesis abolished lipid
droplet formation and enhanced induction of senescence-like phenotypes. Analysis of
[B-catenin-regulated genes revealed that B-catenin upregulated apolipoprotein F and the
LXR/RXR pathway, which are involved in cholesterol transport and biogenesis.
Specifically, genetic ablation of apolipoprotein F suppressed lipid droplet accumulation
and promoted cellular senescence, indicating that apolipoprotein F is a critical mediator
of the B-catenin signaling in NMR cells. Thus, | suggest that increased [-catenin
activity evolved in NMRs to offset senescence via the accumulation of cholesterol-
enriched lipid droplets. Hence, the anti-senescence effects of the B-catenin signaling

reveal new strategies for longevity in NMRs.



CHAPTER |

INTRODUCTION

1.1 Background

The research outlined in this dissertation is to understand the significance of the
B-catenin pathway in Heterocephalus glaber, also known as the Naked Mole Rat
(NMR), which serves as a primary pathway in preventing senescence. Firstly, this
research investigates how the inhibition or modified regulation of the Wnt/B-catenin
signalling pathway would cause changes in cell proliferation rate and morphological
changes. The research was then further explored to determine how the altered
mechanism of p-catenin signalling would affect the regulation of cholesterol

metabolism involved in anti-senescence in naked mole-rat.

Hence, with the information presented above, it was tremendously exciting to
explore the complexities caused by the changes of B-catenin regulation in NMR cells
and to investigate whether the altered B-catenin concentration would disrupt and
interfere with the anti-senescent mechanism driven by the abundance of cholesteryl
esters in NMR. Before outlining the rationale of this research, it is necessary to establish
some information relevant to NMR and core proteins involved in the Wnt/p-catenin

signaling pathway in the subsequent sections.



1.2 Naked Mole Rat

Naked mole-rats (NMRs; Heterocephalus glaber) are renowned for their
exceptional longevity, and remarkable resistance to cancer 2, with only two cases of
cancer, are reported in zoo-housed NMR after multiyear observation of large colonies
3, Besides that, NMRs are strictly subterranean, eusocial mammals that live in a
chronically low-oxygen environment #, justifying its incredible resistance to hypoxia °.
Astonishingly, this species can survive in condition deprived of oxygen (anoxia) for 18
minutes without apparent injury °. Despite accumulating considerable levels of
oxidative damage and protein carbonylation than mice, NMR appears to be resilient to
oxidative stress and mitochondrial injury and strikingly accompanied with a slower
aging rate, contributing to their enhanced longevity "°. Besides, NMRs display
negligible senescence accompanied by high fecundity, and most importantly, it remains
healthy and shows resistance to age-related disease until death °. Therefore, the naked
mole-rat has been increasingly utilized as an animal model in aging and cancer research
because of the characteristics mentioned above. Several cancer-resistance models have
been described in this species: For instance, in tissue culture, NMR fibroblast displayed
extreme sensitivity of their cells to contact inhibition, which serves as an efficient anti-
cancer mechanism regulated by the INK4 locus . Another study conducted by Tian
et al 2013 showed that hyaluronan, a high molecular mass weight polysaccharide of the
extracellular matrix, is the signal that triggers the early contact inhibition. Even the
addition of a combination of oncoproteins that could result in tumour formation in
mouse cells could not malignantly transform the naked mole-rat cells 2, corroborating
the fact that NMR s resistant to both spontaneous cancer and experimentally induced
tumorigenesis 3. However, knockdown of hyaluronan synthase 2 (HAS2) gene or
overexpression of hyaluronoglucosaminidase 2 (HY AL2) gene resulted in the removal
of high molecular mass hyaluronan, abrogating the activity of ECI and rendered the

NMR cells susceptible to malignant transformation.



1.3 Wnt/p-catenin pathway

he Wnt signalling pathway is an ancient system that has been highly conserved
during evolution. Upon Wnt pathway activation, B-catenin accumulates in the
cytoplasm and nucleus, where it engages DNA-bound TCF transcription factors,
leading to the embryonic development of all animal species in the regeneration of
tissues in the adult organism and in many other cellular responses (Figure A). Mutation
or deregulated expression of the Wnt pathway components an induce disease, most
notably cancer 4. In the following sections, B-catenin, Axinl, APC and GSK3p will be

reviewed.
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Figure A. The catenin-dependent or canonical Wnt signalling pathway °.

1.3.1 p-catenin

The central effector in the canonical Wnt pathway is the cytoplasmic protein f3-
catenin. The destruction complex regulates its stability consist of the tumour suppressor
protein Axinl, APC, and two constitutively active serine-threonine kinases CK1a and
GSK3p. In this complex, Axinl acts as the scaffold, interacting with p-catenin, APC,
GSK3p, and CKla. The APC protein contains three Axin-binding motifs that are
interspersed between a series of 15 and 20 amino acid repeats that bind -catenin. In
the absence of Wnt ligands, B-catenin is phosphorylated sequentially by CKla and
GSK3p at a series of regularly spaced N-terminal Ser/Thr moieties. At first, B-catenin

c-Mye, CyclinDI, Axin2
—

+ Cell proliferation
+ Cell survival



is phosphorylated by CSK1a at Ser45, followed by GSK3[ phosphorylation at Thr41,
Ser37, and Ser33 residues 6. Then, the phosphorylated "degron” motif is targeted by
E3 ubiquitin ligase (B-TrCP) for ubiquitination and subsequent proteasomal
degradation 18, Moreover, in the Wnt off state, TCF interacts with Groucho proteins
to mediate transcriptional repression %2, On the contrary, when Fr/LRP is engaged

with Wnt ligands, the receptors relocalize the destruction complex to the cell membrane

and interferes with the latter activity, causing rapid elevation of free B-catenin.
Simultaneously, GSK3p is directly inhibited by the phosphorylated LRP receptor,

promoting p-catenin stabilization 2!

. The accumulation of free B-catenin then
translocates into the nucleus, where it engages DNA-bound TCF transcription factors

to initiate Wnt target genes such as Cyclin D1 2, c-Myc %, and EPB 2,

Active Wnt signalling may involve an increase in overall -catenin levels
without any detectable nuclear accumulation. It has been suggested that fold-change
rather than absolute -catenin level are critical, implying that the low level of 3-catenin
is sufficient for target gene activation 2°. As previously described, while most Wnt
target genes are cell type and developmental stage-specific, the Axin2 gene represents
a generic transcriptional target gene and is often used as an indicator of canonical Wnt
pathway activity 2°. Besides being a transcriptional activator, B-catenin plays a
structural role in mediating the interaction between the cell adhesion complex and the
actin cytoskeleton in epithelia. While the half-life of the signaling pool of B-catenin is
in the order of minutes, the adherent junction pool is highly stable. The adhesive and

signalling pretties of f-catenin are most likely independent.

1.3.2 Axin

Vertebrates have two Axin isoforms: Axinl is constitutively expressed, while
Axin2 (Conductin) is subjected to Wnt signalling?’?8. Axin1, an essential component
of the canonical Wnt pathway, plays dual roles in modulating Wnt signalling. The
predominant role of Axinl is to scaffold a multiprotein destruction complex, which
drives the phosphorylation and subsequent proteolysis of the transcriptional regulator
B-catenin 23! Furthermore, owing to its very low abundance, it also represents a rate-
limiting factor for complex activity 2. Secondly, Axinl interacts with LRP5/6 and

facilitates the recruitment of GSK3p to the plasma membrane to promote LRP5/6



phosphorylation and Wnt signalling 3. To date, there are multiple mechanisms revealed
in the regulation of Axinl activity, including post-translational modulation 34
homo/heteropolymerization **, and autoinhibition 3¢, These mechanisms might work
cooperatively to mediate the function of Axinl, thereby playing an essential role in
controlling the canonical Wnt signalling. Strikingly, the mutational spectrum in Axinl
shows a higher prevalence of missense mutation rather than deletion and truncation.
The missense mutated Axinl forms non-amyloid aggregates with disordered "tails,"
rewiring the Axinl interactome and derail Wnt signalling *’. Furthermore, Axinl
mutation is frequently accompanied by a gain in copy number and mRNA
overexpression, further promoting tumour growth in vivo through a gain-of-function

mechanism.

On the other hand, Axin2 can inhibit B-catenin abundance and function,
therefore implying that Axin2 is part of the negative feedback mechanism in regulating
in Wnt pathway®. Although Axinl and Axin2 have been thought to have comparable
functions the observation that Wnt pathway activation elevates Axin2 instead of Axinl
expression suggest that there may be potentially significant functional differences

between two proteins %,

1.3.3 Adenomatous polyposis coli (APC)

Mutational inactivation of APC tumour suppressor genes is renowned for a
common precursor to initiate the various forms of colorectal carcinomas via the
development of adenomatous polyp *°. Most mutation in the APC genes tend to cluster
at Mutation Cluster Region, where the introduction of stop codons leads to expression
of truncated APC lacking carboxy terminus “°. Additionally, several studies have
identified a highly conserved regulatory domain in APC, the B-catenin inhibitory
domain (CID), located between the second and the third 20 amino acid repeats *42. The
CID is believed to be essential for downregulating [-catenin levels and Wnt
transcriptional activity. In agreement, the CID is located right at the mutation cluster
region, the site of common truncation of APC in cancer. The CID has been proposed to
promote f-catenin ubiquitination by stabilizing the association with APC as well as to

repress B-catenin/TCF transcription in the nucleus 3.



These extensive studies are to underscore that the imperative function of the
APC protein is the regulation of cytoplasmic B-catenin levels by improving B-catenin
binding to the APC-mediated destruction complex, followed by GSK3p-dependent
phosphorylation which eventually targeting the p-catenin for proteolysis #44°. In
addition to its roles in Wnt pathway, APC is also a nucleocytoplasmic shuttling protein
found in several subcellular compartments of mammalian and Drosophila cells
including the cytoplasm, nucleus and adhesive cadherin/catenin function 4. Recently,
APC has been reported to promote the export of B-catenin from the nucleus, reducing

the amount of nuclear B-catenin/TCF complex 450,

Hence, dysfunction in APC contributes to early event of tumorigenesis by
causing an aberrant accumulation of (-catenin, which then binds to T-cell factor 4
(TCF4), leading to enhanced transcriptional activation of Wnt-target genes. In addition,
the Wnt pathway is commonly involved in neoplastic transformation of mammalian
cells °1°2, as highlighted by the findings in which mutations in the B-catenin gene that
hinders APC-mediated phosphorylation and proteolytic degradation >***, are often

found in colon and other tumours.

13.4 Glycogen Synthase Kinase 3

GSK3p is a multifunctional serine/threonine kinase contributing to a vast
majority of processes such as cell polarity, transcription, endocytosis and cytoskeletal
regulation. Numerous GSK3p substrates have been identified and categorized into
primed substrates and unprimed substrates *°. Primed substrates including B-catenin,
require the priming phosphorylation by another kinase (CKla in in canonical Wnt
pathway) at serine/threonine residue located near the GSK3B phosphorylation site %7,
On the other hand, unprimed substrates, such as Axin-1, low-density lipoprotein
receptor-related 6 (LRP6), and also GSK3f substrates do not require the priming
phosphorylation 30%85° Tnactivation of GSK3p is regulated through phosphorylation at
specific residues. For instance, phosphorylation at Ser9 of GSK3 is modulated by Akt
and other kinases is the general mechanism of GSK3p inactivation %961, Besides that,
phosphorylation at Ser389 by p38 MAPK serve as an alternative pathway for GSK3f

inactivation 2.



1.4  Significant statement

The naked mole-rat (NMR; Heterocephalus glaber) is remarkably cancer-resistant, even with
an exceptionally long lifespan of approximately 30 years. However, the molecular mechanisms
underlying these unique features remain elusive. | performed comparative analyses of
oncogenic signals between NMR cells and mouse cells, and found that in NMR cells, 3-catenin
signaling, which generally promotes cell proliferation in other mammals, was increased.
Furthermore, constitutively active $-catenin signaling protected NMR cells from senescence by
promoting cholesterol metabolism and transport. These findings reveal a new paradox that can

be exploited for the development of anti-aging therapeutics.

1.5 Aim and Objectives of this work

1.5.1aim

This research aims to investigate the hypothesis that NMR B-catenin is governing the
regulation of cholesterol metabolism via a unique pathway, affecting the onsets and

activation of the senescence process.

1.5.2 Objectives

This research is designed to achieve the following objectives:

To determine whether the reduction of g-catenin using ShRNA or siRNA technique
could contribute to cellular senescence in NSF.

To identify the functional target genes of B-catenin using RNA-seq.

To investigate the correlation between B-catenin and formation of lipid droplets

abundance



CHAPTER II

MATERIALS AND METHODS

2.1 Materials (Antibodies and Chemicals)
Antibodies and chemicals

Alexa Fluor 488-phalloidin, Alexa Fluor 594-goat anti-rabbit 1gG, HRP-conjugated
goat anti-rabbit IgG, and HRP-conjugated goat anti-mouse 1gG were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Anti-B-catenin (D10AS8), anti-
phospho-p-catenin (pSer41), anti-Axinl (C76H11), anti-GSK-3p, anti-phospho-GSK-
3B (pSer9), anti-cyclin D1, and anti-p21 antibodies were from Cell Signaling
Technology (Beverly, MA, USA). The anti-8-OHdG (15A3) antibody was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA) and anti-p-tubulin was purchased
from Sigma Aldrich (St Louis, Mo, USA). The anti-ApoF (ab231585) antibody was
purchased from Abcam (Cambridge, MA, USA). The protease inhibitor cocktail was
purchased from Nacarai Tesque (Kyoto, Japan). ORO and triethyl-phosphate [(C2H-
50)3PO] were purchased from WAKO (Osaka, Japan). Lovastatin was purchased from

Merk (Darmstadt, Germany).

2.2 Methods

2.2.1 Cell lines and Tissue Culture

Primary adult NMR fibroblasts were received from Department of Aging and Longevity

Research, Kumamoto University. MSFs were prepared from adult mouse skin, and NIH
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3T3 cells were obtained from American Type Culture Collection. To investigate
whether temperature, oxygen concentration, or serum concentration affect f-catenin
expression or lipid droplets abundance within the cells, both NMR cell lines and mouse
cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS or 15% FBS at hypoxic (5.0% CO3, 3.0% O2) or normoxic
(5.0% CO2, 16.5% O) conditions at 32°C or 37°C. Upon reaching 70-80% confluences,
the cells were harvested for lysate collection. To maintain the optimal culture condition
for NMR cell lines, both primary NMR fibroblasts and mouse fibroblasts between
passage numbers 1-13 were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% (v/v) fetal bovine serum (FBS) at 32°C in a 5.0% CO; and 3.0%

O, atmosphere, as described previously 3.

2.2.2 Inactivation of Wnt signaling

The Wnt production inhibitor, IWP-2 (Selleck Chemicals), was used to inactivate Wnt
signaling in NMR fibroblasts. NMR fibroblasts were plated at 500,000 cells per well in
6-well plates. After 48-hours, cells were treated with vehicle (0.1% DMSO) or IWP-2
in a dose-dependent manner up to 100 puM, following by lysate collection for
immunoblotting after 48-hours. For the inhibition of the interaction between B-catenin
and TCF-4, small-molecule compound PNU-74654 (Selleck Chemicals) was used at
the concentration of 50uM, 100uM, and 200uM in NMR and mouse skin fibroblasts

48-hours after seeding.

2.2.3 Plasmid constructs and shRNA constructs

To generate B-catenin sShRNA, the sequences were designed to target the central and
UTR regions, and the silent constructs were subcloned into the pLKOL lentiviral vector.
ApoF and B-catenin cDNA was generated by PCR using NMR and mouse cDNA as a
template respectively. The ApoF and B-catenin constructs was then subcloned into the
CSII-CMV-MCS-IRES-Bsd lentiviral (RIKEN) and PCX4 retroviral vector
respectively. All generated constructs were confirmed by sequencing. The pLKO1

Non-Target shRNA control plasmid was purchased from Sigma Aldrich. The
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oligonucleotide sequences used to generate ShRNA vectors in this study were listed in

Supplemental Table S3.

2.2.3 Retroviral and lentiviral infection

For knockdown experiment, lentiviral ShRNA targeting NMR B-catenin and ApoF; or
an empty vector construct was packaged in HEK293T cells with pLKO1 vector with
packaging genes Vsv-G, Gag-pol, and Rev from MISSION Lentiviral packaging mix
(Sigma-Aldrich) using Lipofectamine 3000 as a transfection reagent. The 293T culture
medium containing the lentiviral particles was collected, filtered with 0.2-um syringe
filter (Whatman), and supplemented with 4pg/mL Polybrene (Nacalai Tesque). For
transduction, cells cultured in a 6cm plate were incubated with 2 mL filtered virus-
containing medium and growth medium in 1:1 ratio overnight. This point was
designated day 0. The viral medium was then replaced with fresh growth medium on
day 1 post-transduction. On day 3 post-transduction, the transduced cells were then
selected by growing with 10pg/mL puromycin. For overexpression of ApoF in NMR
cells, lentiviral packaging vector (pcAG-HIVgp), Rev-expressing vector (pCMV-VSV-
G-RSV-Rev), and CSII-CMV-MCS-IRES-Bsd lentiviral vector containing NMR ApoF
genetic construct were transfected into PLT cells using FuGene (Promega, Madison,
WI, USA, and the culture supernatant was used as the source of the virus, followed by
transduction into NSFs as described previously in this context. In dual lentiviral
transfection, the second transduction was conducted on day 7 post-transduction. For -
catenin overexpression, retroviral vector PCX4 was used for transduction in mouse cell
lines. The production and infection of retroviral vectors were performed as described

previously .

2.2.4 RNA-sequencing

Prior to RNA-sequencing, the puromycin-selected cells were harvested on day 7 post-
transduction and were replated onto 6-cm dish with cell count of 1x10°. The medium
containing puromycin was changed every other day until it reached 80% confluences.
NSF shControl (Empty vector) and shf3-catenin #1 were used with no replication in

RNA-seq. Total RNA was extracted using Sepasol-G (Nacalai Tesque) according to the
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manufacturer’s protocol. Library preparation was performed using a TruSeq stranded
MRNA sample prep kit (Illumina, San Diego, CA) according to the manufacturer’s
instructions. Sequencing was performed on an lllumina HiSeq 2500 platform in a 75
bp pair-end mode. Illumina Casaval.8.2 software used for base-calling. Sequenced
reads were mapped to the naked mole-rat reference genome sequences
(GCA _000247695.1) using TopHat v2.0.13 in combination with Bowtie2 ver. 2.2.3 and
SAMtools ver. 0.1.19. The fragments per kilobase of exon per million mapped
fragments (FPKMs) were calculated using Cufflinks version 2.2.1. For further analysis,
the 216 genes with more than 4-fold change were detected using Ingenuity Pathway
Analysis (IPA) .

2.2.5 Immunoblotting

Cells were lysed in RIPA buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.5 mM
EDTA, 1% NP40, 1 mM PMSF, 1mM sodium orthovanadate, 50 mM NaF, and sodium
deoxycholate) in combination with protease inhibitor (Invitrogen), and protein
concentration was determined using a Bradford protein assay (BioRad). Ten
micrograms of denatured lysates were subjected to 10% SDS-PAGE, and blotted using
standard procedures. For protein detection, blots were incubated with primary
antibodies overnight and with secondary antibodies (rabbit-HRP; G.E. Healthcare) for

30 min. Chemiluminescence was used to visualize the protein bands (G.E. healthcare)

2.2.6 Oil red O staining

Cells were seeded onto tissue cultured chamber slides (25-50% confluency) and
allowed to grow for 48-hours before staining. Cells were washed briefly with PBS,
followed by cell fixation using 3.7% formaldehyde for 1-hour. Excess formaldehyde
was removed by three brief rinses in deionized water. Prior to staining, 35 mg ORO
was dissolved in 10 mL of 2-propanol or 6 mL of triethyl-phosphate (TEP) and used as
a stock solution . A working solution of ORO containing 6 mL ORO stock solution
and 4 mL deionized water was prepared, followed by filtering (0.2 um). Subsequently,

the slides were immersed in the working solution of ORO for 5 min.
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2.2.7 Immunofluorescence

Cells were seeded onto tissue culture chamber slides (25-50% confluency) and allowed
to grow for 24-36 hours before fixation (manipulation). For experiments involving
tracking of cholesterol ester and visualization of oxidative stress in cells, media
containing BODIPY CholEster C12 (Thermo Fisher Scientific) and CellRox Green
(Thermo Fisher Scientific) was incubated for 2-hours prior to fixation. Cells were rinsed
in PBS (10 mM phosphate, pH 7.5/100 mM NaCl) and then fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. Following PBS rinsing, cells
were permeabilized with 0.1% Triton X-100 in PBS (TPBS) for 10 min at room
temperature. Cells were then incubated with 2% BSA for 1-hour at room temperature.
Cells were rinsed with TPBS and then incubated at 4°C overnight with primary
antibody diluted in antibody buffer (Blocking One). On the following day, cells were
rinsed three times with TPBS before incubation with secondary antibody conjugated to
fluorescein (AlexaFluor) for 30 min to 1-hour at room temperature. Cells were then
rinsed three times with TPBS and mounted with ProLong Gold (Molecular Probes) for
immunofluorescence microscopy. For combined immunofluorescence and ORO
staining, after three exchanges of PBS following the application of appropriate
conjugated fluorescein, glass slides were immersed in the working solution of ORO for
5 minutes. Slides were rinsed three times with deionized water, followed by mounting
with ProLong Gold.

228 TEM

Cells were cultured on a polystyrene coverslip, Cell Desk (Sumitomo Bakelite Co., Ltd.,
Japan), fixed with 2% formaldehyde and 2.5% glutaraldehyde in 0.1 M sodium-
phosphate buffer (pH 7.4) and washed for 5 min three times in the same buffer. Cells
were post-fixed for 1-hour with 1% osmium tetroxide and 1% potassium ferrocyanide
in 0.1 M sodium-phosphate buffer (pH 7.4), dehydrated in graded series of ethanol, and
embedded in Epon812 (TAAB Co. Ltd., U.K.). 80 nm ultra-thin sections were stained
with saturated uranyl acetate and lead citrate solution. Electron micrographs were

obtained with a JEM-1400plus transmission electron microscope (JEOL, Japan).
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2.2.9 TOPFLASH reporter assay

Cells were seeded into 24-well plates as triplicates at a density of 5 x 10* cells/well in
a total volume of 500 uL complete growth medium. On the subsequent day, the cell
lines were transfected with reporter vectors (ratio of FOPFLASH/TOPFLASH-Firefly
luciferase: pRL-TK-Renilla luciferase as 10:1) using Lipofectamine 3000 (Invitrogen),
in which the pRL-TK reporter vector was used as an internal control. Twenty-four hours
after transfection, luciferase activities were measured using a PicaGene Dual Sea Pansy

Luminescence Kit (Wako).

2.2.10 Cell proliferation assay

Cells were plated on a 96-well dish at a density of 500 cells/well in a total volume of
100 pL complete growth medium. After the cells were fully attached to the surface of
the dish, 10 uL Cell Counting Kit WST-8 (Doujin Chemistry Laboratories) was added
to each well, followed by 1-hour incubation at 32°C. Cell densities were then
determined using a microplate reader at the absorbance of 450 nm. In the subsequent
days, cell densities were measured at different time points, and growth rates were

plotted from 7 to 20 days in culture.

2.2.11 SA-B-Gal assay

Cells were seeded at 2 x 10* cells/well in a 12-well plate 48-hours prior to staining.
Cells were washed briefly with cold PBS before being fixed in 1 mL 0.5%
glutaraldehyde, followed by incubation at 4°C for 5 min. Cells were then stained with
2 mL freshly prepared 5-bromo-4-chloro-3-indoyl-[1-D-galactopyranoside (X-Gal)
staining solution, followed by incubation at 37°C for 5-hour. The staining procedure
was terminated by washing three times with cold PBS for 5 min. Colour images of X-
Gal-stained cells were captured with Bright-Field settings, mounted on an inverted light
microscope, using a 10x objective. The stained cells were counted and analyzed
manually. Image J analysis was utilized to confirm consistency. Chlorophenolred [1-D-
galactopyranoside (CPRG) was also used for the quantitative analysis of SA-B-Gal

activity.
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2.2.12 RT-PCR

RNA was extracted from cells with Sepasol-RNA | Super G (Nacalai Tesque), followed
by reverse transcription to obtain the cDNA using the ReverTra Ace g°PCR RT Master
Mix (TOYOBO). PCR was then performed, and the intensity of DNA bands stained by
SYBR gold was quantified using ImageJ analysis. The nucleotide sequences of primers
used are listed in Supplemental Table S4.

2.2.13 Cholesterol assay

Cells were seeded at 1 x 10° cells/well in a 6-well plate 48-hours prior to cholesterol
extraction. Cells were washed briefly with cold PBS twice, then 1 mL of hexane:
isopropanol (3:2) was added to the wells for lipid extraction, followed by incubation at
room temperature for 30 minutes. The mixture containing lipids was recovered in
Eppendorf tube and was air-dried using Iwaki Halogen VVacuum Concentrator (IVC-
500) for 20 minutes at room temperature. The pellet was then resuspended, and
cholesterol contents were determined using Amplex Red ™ Cholesterol Assay Kit
(Invitrogen). For reloading cholesterol, cholesterol-methyl-B-cyclodextrin (C4951,
Sigma) was added to the culture media at the final concentration of 10pug/mL for 24-
hours incubation ®78, Incorporation of cholesterol into cells was estimated by adding
CholEsteryl BODIPY FL Ci2 (Thermo Fisher Scientific) to culture media at the

concentration of SuM for 2-hours incubation before fixation for immunofluorescence.

2.2.14 Alamar Blue Assay

Cultures were set up in a complete media (DMEM supplemented with 15% (v/v) fetal
bovine serum (FBS), penicillin/streptomycin, 2 mM L-glutamine (Nakalai Tesque) and
0.1 mM non-essential amino acids (NEAA, Nakalai Tesque) at 1 x 10 cells/well in a
24-well plate. Cultures were incubated for 48-hours, followed by replacement of fresh
medium with addition of AlamarBlue Reagent (Thermo Fisher Scientific) at 9:1 ratio.
After 12-hours of incubation with Alamar Blue, the medium with fluorescence was
collected and was calorimetrically measured at an absorbance of 570nm (Oxidized form
of AlamarBlue Reagent) and 600nm (Reduced form). The percentage reduction of the
cell or cell viability was calculated using the formula stated in the existing protocol.
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2.2.15 Soft-agar colony-formation assay

Soft-agar colony-formation assay was performed as described . Single-cell
suspensions of 1 x 10* cells were plated in 12-well culture dishes in 1.5 ml of DMEM
containing 15% FBS and 0.36% agar on a layer of 2.5 ml of the same medium
containing 0.7% agar. Colonies were stained with 3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyltetrazolium bromide (MTT) 14 days after plating, and micrographs were used

to count the numbers of colonies.

2.2.16 Statistics and reproducibility

All results were depicted as mean + s.e.m of at least three biological replicated, as
indicated in figure legends using GraphPad Prism 7. For data analyses, unpaired two-
tailed t-tests or ordinary one-way or two-way ANOVA were used to determine the P-
values. *P-value <0.05, **P-value <0.01, ***P-value <0.001.
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CHAPTER 111

RESULTS

3.1 Altered Wnt/pg-catenin pathway in NMR cells

| first compared expression levels of various components in oncogenic signaling
pathways in NMR skin/lung fibroblasts (NSFs/NLFs), mouse skin fibroblasts (MSFs),
and NIH 3T3 cells. | found that -catenin, a critical transcriptional regulator of the
Wnt/B-catenin pathway, was markedly upregulated in NMR cells compared to mouse
cells, yet the inactive phosphorylated form of -catenin was undetectable (Fig. 1a). |
also found the expression of Axinl, a negative regulator of Wnt signaling, was
markedly downregulated in NMR cells (Fig. 1a). Immunofluorescence analysis
revealed that 3-catenin was widely distributed in both the cytoplasm and nucleus of
NSFs (Fig. 1b). In addition, a TCF/LEF-dependent TOPFLASH reporter assay
revealed that B-catenin transcriptional activity was significantly higher in NMR cells
(Fig. 1c). These findings imply that the trans-localization of (3-catenin into the nucleus
and B-catenin signaling is constitutively active in NMR cells. Despite the abundant
accumulation of B-catenin in NMR cells, the expression of cyclin D1, a mitogenic factor
and primary downstream target of the Wnt/p-catenin pathway, was rather decreased in
NMR cells (Fig. 1a). Due to lower expression levels of mitogenic factors, NLFs and
NSFs grew extremely slowly compared with mouse cells, which exhibited exponential
growth (Fig. 1d). These unexpected observations suggested unique alterations of -
catenin signaling in NMR cells, and furthermore that this axis could be relevant to the

unique attributes of NMR cells.
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To investigate whether serum concentration, oxygen concentration and
temperature would affect the B-catenin abundance in NMR and mouse cells, | cultured
the cell lines at different conditions and confirmed B-catenin expression levels in NSFs
were always considerably higher than that of MSFs (Figures 2). Interestingly,
alignment of B-catenin amino acid sequences highlighted that there is only an amino
acid residue difference between human/mouse and NMR B-catenin, indicating that
NMR -catenin is structurally highly conserved among these mammals (Fig.
3a)However, B-catenin abundance was not affected by the treatment with IWP2, an
inhibitor targeting membrane-bound O-acyltransferase porcupine to prevent Wnt ligand
palmitoylation ’°, indicating that the accumulation of B-catenin in NMR cells might not
occur via autocrine activation of the Wnt signaling (Fig. 3b). Furthermore,
overexpression of NMR Axinl did not decrease B-catenin abundance (Fig. 3c).. These
results raise the possibility that 3-catenin may have unique functions independent of the

canonical Wnt/B-catenin signaling in NMRs.
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Figure 1. NMR cells exhibit a unique B-catenin signaling. (a) Representative immunoblots
comparing expression of B-catenin and its downstream targets in NMR lung fibroblasts (NLFs), NMR
skin fibroblasts (NSFs), mouse fibroblasts (MSFs), and NIH 3T3 cells. (b) Representative images of
immunofluorescence staining of 3-catenin in NSFs and MSFs. In the phase-contrast images, unknown
microbodies are abundant in NSFs. Immunofluorescence results illustrating the localization and
intensity of phosphorylated GSK3p (c) and APC (d) in NSF and NIH3T3 cells. Scale bar 10um. (€)
TOPFLASH reporter assay showing significant differences in relative p-catenin activity between
NLFs, NSFs, and NIH 3T3 cells. (f) The proliferation rates of NSFs, NLFs, and NIH 3T3 cells were
determined in a growth assay conducted for 7 days. Data presented in (c, d) are expressed as the mean
* standard deviation; ***p <0.001, two-sided Student's t-test.
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from the immunoblot. Data are expressed as the mean * standard deviation (n=3 culture wells/group).
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Figure 3. Wnt- and Axinl-independent stabilization of -catenin accumulation in NSFs. (a)
Alignment of the human, mouse, and NMR B-catenin amino acid sequences using Clustal W. (b)
Immunoblot showing [3-catenin expression levels in the presence of increasing doses of IWP-2, an
inhibitor of Wnt signaling. B-tubulin was used as a loading control. (c) Immunoblot showing that
overexpression of the scaffold protein Axin 1 did not affect changes in B-catenin expression levels
observed in NMR cells. B-tubulin was used as a loading control.
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3.2 Downregulation of p-catenin induced senescence-like

phenotypic changes in NSFs

To identify the functions of B-catenin in NMR cells, we performed shRNA
knockdown of PB-catenin in NSFs. Immunoblot analysis revealed that [-catenin
expression was successfully repressed by pB-catenin ShRNAs, and concurrently that the
expression of cyclin D1 was evidently reduced (Fig. 4a). A TOPFLASH reporter assay
also demonstrated that B-catenin knockdown significantly attenuated transcriptional
activity " (Fig. 4b). Phenotypically, B-catenin knockdown resulted in noticeable
morphological changes in NSFs, such as increased cell size and cell surface area (Fig.
4c). Furthermore, cell proliferation was markedly decreased in B-catenin-knockdown
NSFs (Fig. 4d), indicating that B-catenin still promoted cell proliferation in NSFs.
Because the phenotype of B-catenin-knockdown NSFs was similar to that of senescent
cells, we measured the activity of senescence-associated-pB-galactosidase (SA-p-gal). -
catenin knockdown markedly induced SA-B-gal activation (Fig. 4e). In addition, B-
catenin knockdown induced nuclear accumulation of p21, a CDK1 inhibitor used as a
marker of cellular senescence (Fig. 4f), and promoted the formation of 8-hydroxy-2’-

deoxyguanosine (8-OHdG), a biomarker for DNA damaged by oxidative stress >3
(Fig. 49).

As non-targeting ShRNA may target an intended mRNA and induce a stress
response within NMR cells, we hereby use the empty vector pLKOL as the shControl
throughout the experiments. Nevertheless, we also included the results comparing f3-
catenin expression, lipid droplets abundance, and induced-senescence-like phenotypes
in NSF shControl, shNon-targeting and shf3-catenin. The induction of SA-B-gal activation
and 8-OHdG formation was not affected by the treatment with an empty vector (shControl) or
that carrying a non-target sShRNA (shNTControl), supporting the specific effects of ShRNAs
targeting B-catenin (Fig. 5). Taken together, these findings suggested that B-catenin
knockdown induced phenotypic changes associated with cellular senescence in NSFs.
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Figure 4. p-catenin knockdown induces senescence-like phenotypic changes in NSFs. (a) Immunoblots showing changes
in expression levels of f-catenin pathway after f-catenin knockdown in NSFs. B-tubulin was used as a loading control. (b)
TOPFLASH assay showing the relative f-catenin activity of NMR Skin Fibroblasts (NSFs) after the -catenin knockdown.
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catenin knockdown counterparts were determined by growth assay. Data presented in (b and d) are expressed as mean +
standard deviation (n=4); ***: P<0.001 by Two-sided Student's t-test. (¢) Representative images showing SA-B-gal activity in
control NSF, B-catenin knockdown NSFs, and MSFs (Left). Quantitative analysis of the SA-B-Gal activity in control NSFs,
and B-catenin knockdown NSFs (Right). Data presented are expressed as mean * standard deviation (h=4 culture wells each)
(lower graph); ***: P<0.001 by Two-sided Student's t-test. (f) Immunofluorescence staining of -catenin (green) and p21
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NSFs and B-catenin knockdown NSFs. Scale bar: 20pm.
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Figure 5: Non-targeting knockdown does not change B-catenin expression or lipid
droplet abundance. (a) Immunoblot showing -catenin expression levels upon treatment with
Mock (shControl), non-target shRNA (shNTControl), and skf-catenin. (b) Representative
phase-contrast and bright-field images showing SA-B-Gal staining in NSFs treated with
shControl, shNTcontrol, or shf-catenin. Scale bars, 100 um. (¢) Immunofluorescence staining
of NSFs treated with shControl, shNTcontrol, and shf3-catenin with 8-OHdG (green) and ORO

(red). Scale bars, 20 pum.
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3.3 Accumulation of cholesterol-enriched lipid droplets was

associated with the abundance of B-catenin

We also observed that NMR cells abundantly accumulated microbodies, which
were identified as lipid droplets by oil red O (ORO) staining using two different
solvents, 2-propanol and triethyl-phosphate (TEP) (Fig. 6). Quantitative analysis also
revealed that NSFs contained lipid droplets more abundantly than MSFs under different
cultured conditions (Fig. 7). Since ORO staining with TEP was more sensitive than
that with 2-propanol, we hereafter used TEP to stain lipid droplets with ORO (Fig. 8a).
Transmission electron microscopy (TEM) further confirmed that round-shaped lipid
droplets were more abundant in NSFs than in NIH 3T3 cells (Fig. 8b). Interestingly,
we found that lipid droplet formation was abolished by -catenin knockdown in NSFs
(Fig. 8c), suggesting a functional link between lipid droplet formation and [-catenin-

mediated senescence-like phenotypic changes.

To explore this possibility, we analyzed the contents of NSF lipid droplets.
Quantitative analysis of triglycerides, one of the lipid droplet component, were
comparable between NSFs and MSFs (Fig. 9a). Contrastingly, quantitative analysis of
total cholesterol contents revealed that cholesterol was more abundant in NSFs than in
MSFs, which was also significantly decreased by B-catenin knockdown (Figure 10a).
These results suggested that lipid droplets in NSFs were comprised primarily of
cholesterol rather than triglycerides. The contribution of cholesterol to B-catenin-
dependent lipid droplet was further examined using CholEsteryl BODIPY FL Ci, a
tracer of cholesterol transport. The fluorescence analysis showed that cholesterol
transport into ORO-positive lipid droplets in NSFs was inhibited by p-catenin
knockdown (Fig. 10b), implying that B-catenin signaling may be involved in the

regulation of cholesterol transport.
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Figure 6. Comparison of staining of lipid droplets using Isopropanol and Triethyl phosphate. Representative
bright-field images showing lipid droplet staining by ORO in NSFs (a) and MSFs (b) under the indicated
conditions. Scale bars, 100 pm. (c) Quantitative analysis of ORO-stained NSFs and MSFs under the indicated
conditions. The ratio of the stained area to the total area was analysed with Image J software. Data are expressed
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mean =+ standard deviation (n=3 culture wells/group). ***p<0.001, Student’s unpaired t-test.
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To assess the physiological relevance of cholesterol-enriched lipid droplets in
NSFs, we examined the effects of cholesterol synthesis inhibition on cellular
phenotypes. Treatment of NSFs with lovastatin, an HMG-CoA reductase inhibitor,
decreased cellular cholesterol contents in a dose-dependent manner to a level equivalent
to that of B-catenin knockdown cells (Fig. 10c). Under cholesterol inhibition, NSFs
exhibited SA-B-gal activation, as in f-catenin knockdown cells (Fig. 9b and Fig. 10d,e).
These findings suggested that cholesterol was crucial for protecting NMR cells from

senescence-like phenotypic changes.

To further examine if the phenotypic changes induced by B-catenin knockdown
in NMR cells were indeed due to cellular senescence, NSFs were treated with the DNA
cross-linking agent mitomycin C to induce therapy-induced senescence. Treatment of
NSFs with mitomycin C increased SA-B-gal activity to a level similar to that of -
catenin knockdown NSFs (Fig. 11a, b). Mitomycin C treatment also induced nuclear
p21 accumulation, although it did not affect lipid droplet formation (Fig. 11c).
Furthermore, treatments involved 48-hour incubation in the culture medium with
10pg/mL cholesterol:B-cyclodextrin (C4951, Sigma) %78 in B-catenin knockdown
senescent-like cells failed to suppress the induction of SA-B-gal activity, indicating that
the cellular events induced by B-catenin knockdown were irreversible (Fig. 12). These
observations demonstrated that the phenotypic changes induced by [-catenin
knockdown and/or cholesterol depletion were tightly associated with cellular

senescence.

As cumulative population doubling could increase SA-B-Gal activity "4 and
lipid droplets are widely distributed in aged cells "®"7, we performed ORO staining of
NSFs at different passage numbers to determine if NMR cells accumulated lipid
droplets as replicative senescence progress. Lipid droplet abundance was unchanged
irrespective of passage number (Fig. 13), corroborating that supernumerary lipid

droplets in NSFs were a unique feature of NMR cells.
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Figure 11. NSF lipid droplet formation was not affected by therapy-induced
senescence. (a) SA-pB-Gal assay in NSFs demonstrating induction of senescence by
Mitomycin C. Scale bar, 100 pm. (b) CPRG assay quantifying SA-p-Gal activity in NSFs
upon Mitomycin C treatment. Data are expressed as the mean + standard deviation (n=3
culture wells/group). * P<0.05 and **p<0.01, Student's unpaired t-test. (c) Expression of
p21 (green) and staining of lipid droplets (red) were observed by confocal microscopy of
NSFs subjected to Mitomycin C treatment. Scale bars, 10 pum.
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senescence under g-catenin knockdown conditions. (a) Representative images of SA-
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control NSFs at different passages and p-catenin knockdown NSFs as a negative
control. Scale bars, 100 pum.
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3.4 p-catenin abundance was closely associated with the LXR/RXR

pathway in NMR cells

To determine the mechanisms by which B-catenin induced accumulation of
cholesterol-enriched lipid droplets, we performed comparative RNA-seq analysis of
control and B-catenin knockdown NSFs. Raw RNA-seq data was submitted under Gene
Expression Omnibus (GEO) accession number GSE147871. Ingenuity Pathway
Analysis (IPA) revealed that the LXR/RXR pathway, which modulates cholesterol
metabolism and lipogenesis, was significantly downregulated by B-catenin knockdown
(Fig. 14). Among the genes involved in the LXR/RXR pathway, only apolipoprotein F
(ApoF), a secreted glycoprotein that associates with LDL/HDL, was prominently
downregulated by p-catenin knockdown (Fig. 14 and Supplementary Table 1), which
was corroborated by RT-PCR analysis (Fig. 14b). ApoF inhibits cholesteryl ester
transfer protein (CETP)-mediated cholesterol transfer between lipoproteins #% (Fig.
14c). Therefore, the upregulation of ApoF in NMRs likely suppresses the transfer of
cholesterol among lipoproteins, which might contribute to the accumulation of
cholesterol in lipid droplets. As a consequence of the suppression of the LXR/RXR
pathway by B-catenin knockdown, NF[1B was activated to upregulate its downstream
targets, such as IL1B, MMP2, MSR1, and NOS2 (Fig. 14e and Supplementary Table
2). These findings suggested that the accumulation of lipid droplets in NSFs was
attributable to the activation of the LXR/RXR pathway via the upregulation of ApoF.

3.5 ApoF knockdown mimicked the effects of -catenin knockdown
in NSFs

To verify the role of ApoF in the B-catenin signaling in NMRs, we then proceeded with
the genetic ablation of ApoF in NSFs. The expression of ApoF protein was successfully
suppressed by shApoF as well as shBcat (Fig. 15a, b and Fig. 16a). ApoF knockdown
significantly induced suppression of ORO-positive lipid droplet formation (Fig. 15c¢)
and promoted activation of SA-B-gal (Fig. 15d). These findings indicated that ApoF
knockdown could mimic the effects of B-catenin knockdown in NSFs, suggesting that
ApoF plays roles downstream of the -catenin signaling.
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Supplemental Table 1. Representative downregulated genes within DEG from RNA-seq

Fold Change gene name

Description

-13.584  Wnt10b Wit family member 10B

-12.199  Lpar3 lysophosphatidic acid receptor 3

-11.079  LOC110345950 uncharacterized LOC110345950

-10.307  Fam220a family with sequence similarity 220 member A
8317 LOC101716611  uncharacterized LOC101716611

-7.796 Eln elastin

-7.686 Ctnnb1 catenin beta 1

-7.656 i1 "MAX interactor 1, dimerization protein”

-7.334 Cavin2 caveolae associated protein 2

-6.376 Cpxm1 "carboxypeptidase X, M14 family member 1"
-6.322 Fam198a Golgi Associated Kinase 1A

6191 Efhd1 EF-hand domain family member D1

-5.845 LOC110348574 uncharacterized LOC110348574

-5.826 Entpd3 ectonucleoside friphosphate diphosphohydrolase 3
5822 LOC101725231 605 ribosomal protein L9 pseudogene

-5822 LOC110346661 uncharacterized LOC110346661

-5822 LOC106010386 uncharacterized LOC106010386

-5822 LOC101710023  uncharacterized LOC101710023

-5.822 LOC106008187 uncharacterized LOC106008187

-5.813 Trerf1 transcriptional regulating factor 1

-5.715 Ano1 anoctamin 1

-5.452 Dik2 delta like non-caneonical Notch ligand 2

-5.446 Ankrd29 ankyrin repeat domain 29

-5.406 Sox2 SRY-box 2

-5120 Eqgflé EGF like domain multiple &

-4.991 LOC110348191  uncharacterized LOC110348191

-1.990 LOC101717878 myc-associated zinc finger protein pseudogene
-4.990 LOC110346939 zinc finger protein 670 pseudogene

-4.990 LOC110346980 gametocyte-specific factor 1 pseudogene
-4.990 LOC110350373  uncharacterized LOC110350373

-4.990 LOC101711524  transcriptional coactivator YAP1 pseudogene
-4.990 LOC110347540  uncharacterized LOC110247540

-4.981 Efcabl EF-hand calcium binding domain 1

-4.713 Pi15 peptidase inhibitor 15

-4.671 Map2ké mitogen-activated protein kinase kinase 6
-4.614 Meormn5 MORNM repeat containing 5

4574 LOC110350023  uncharacterized LOC110350023

-4.574 LOC101718238  protein AF-9-like

-4.574 LOC110348851 uncharacterized LOC110348851

-4.395 S1prb sphingosine-1-phosphate recepter 5

-4.366 LOC110345400 E3 ubiquitin-protein ligase HACE1-like

-4.348 Cagnl1 cingulin like 1

-4.347 LOC101712708  uncharacterized LOC101712708

4325 LOC101707839 cadherin-18

-4.286 LOC101704034 "UDP-GalNAc:beta-1,3-N-acetylgalactoesaminyliransferase 1-like”
-4.282 Cinna2 catenin alpha 2

-4.268 Fuca2 alpha-L-fucosidase 2

-4.256 Peg10 patemnally expressed 10

-4.158 LOC106009933 ras-related protein Rab-5Alike

-4.158 Apof apolipoprotein F

-4.158 LOC110347698  eukaryotic translation initiation factor 4E pseudogene
-4.158 LOC101712597  cyclin-dependent kinase 1 pseudogene

-4.158 LOC101718707  small integral membrane protein 19 pseudogene
-4.158 Mylpf "myasin light chain, phosphoerylatable, fast skeletal muscle”
-4.158 LOC106009357 vesicle transport protein GOT1B-like

-4.158 LOC101712679 405 ribosomal protein SA pseudogene

-4.158 LOC101707806 intercellular adhesion molecule 3

-4.158 CUNH100rf10 DEPP1 Autophagy regulator

-4.006 Serpinb7 serpin family B member 7
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Supplemental Table 2. Representative upregulated genes within DEG from RNA-seq

Fold Change gene name

Description

Ch:nge gene name Description
4008 LOC1016984094 UDP-glucuranosyltransferase 1-9-like
4008 LOC101708467 U5 small nuclear in 40 kDa protein
4008 Rasdl ras related dexamethasone induced 1
4008 Gpri§ G protein-coupled receptor 15
4014 Sycpl synaptonemal complex protein 1
4018 P15 profine rich 15
4029 LOG110344707  uncharacterized LOGC110344707
4030 LOCID1707377 alveolar macrophage chemotsctic factor
4033 LOCI0B008403  uncharacterized LOGC108008403
4058 LOG110345612  uncharacterized LOGC110345612
4070 Spock2 "SPARC (osteonectin). cwev and kazal like domains proteoglycan 27
4133 Cldn34 claudin 34
4182 Gabbr2 pamma-aminobutyric acid type B receptor subunit 2
4188 Mest mesoderm specific transcript
4188 CUNH15orfd8 chromosome unknown G15o0rf48 homolog
4133 LOC110345861 uncharacterized LOC110345861
4207 LOC110344733 uncharacterized LOC110344733
4208 LOC110350140 uncharacterized LOC110350140
4208 LOC101800425 i dike protein 1
47208 Lygt ysozyme g1
4212 Dfnad Mon-sybdromic hearing impariment protein 5
4214 LOC1 LOC1
47231 Mcf2iz MCF.Z cell line derived transforming sequence-like 2
4255 Searfl scavenger receptor class F member 1
4303 Fam23s family with sequence similarity 83 member E
4318 Pig plasminogen
4320 LOC110345217 uncharacterized LOC110345217
4335 LOC1 LOC1
4348 LOC101888571 uncharacterized LOC101692571
4358 LOGC101701112 histone-lysine N-methyliransferase PROMS
4333 Gtsfl pametocyte specific factor 1
4301 LOC110345541 uncharacterized LOC110345541
4408 LOC110347769 translation initiztion factor IF-2-ike
4408 LOC110344201 uncharacterized LOC110344201
4400 Podxl2 podecalyxin like 2
4408 LOC101898562 uncharacterized LOC101698562
4432 Zfywe2d zinc finger FYWE-type containing 28
4438 LOC1 LOC1
4403 LOC101708767 platelet basic protein-like
4500 CUNHZorf81 chromosome unknown GZorfé1 homolog
4529 Sk Sre like adaptor
4542 Rassf0 Raz association domain family member 10
4608 Thyl Thy-1 cell surface antigen
4620 Cfap128 cilia and fiagella associated protein 1268
4648  Msr1 recaptor 1
4658 Kennd p Icil tivated channel M member 3
4750 Tnipd THFAIP3 interacting protein 3
4810 Kenab1 potassium voltage-gated channel subfamily A member regulatory beta subunit 1
4810 LOC110348315 uncharacterized LOC110348315
4810 LOC110345795 uncharacterized LOC110345705
4810 LOC110347017 uncharacterized LOC1 10347017
4810 LOC101701625 nascent polypeptide-associated complex subunit alpha pssudogene
4810 LOC110348010 uncharacterized LOC110342010
4810 LOC101700453 growth hi induciblz protein
4810 LOC110344130 uncharacterized LOC110344130
4810 LOC110347252 uncharacterized LOC110347252
4810 LOC1 LOC1
4810 LOC110347215 uncharacterized LOC110347215
4810 Plprh protein tyrosine phosphatase receptor type H
4810 LOC110348749 histone H4
4810 LOC1 LOC1
4810 LOC101721253 uncharacterized LOC101721253
4810 Cspps chondreitin sulfate proteoglycan 5
4813 LOC1 LOC1

4854  LOGC110347520
4054  LOG10B0OTOO0S
5017 LOG110350177
5034 Enf

5001 Mmp8

5110 LOGC110350464
5110 LOGC101721238
5124 LOGC101712048
5120 LOG10B00TEO7
5143  Izumod

5187 Prkeh

5183 Thec

5188 LOG110350035
5210 LOGC101711824
5210 LOG110349417

uncharacterized LOC110347520
uncharacterized LOC 106007205
uncharacterized LOC110350177
ETS homolagous factar

matrix metallopeptidaze &
uncharacterized LOC110350484
uncharacterized LOC101721338
s=rum amylaid A-4 protein
uncharacterized LOC 106007207
IZUMO family member 4

protein kinase C eta
transcription factor EC
uncharacterized LOC110350035
intersectin-Z pseudogene
uncharacterized LOC110348417

5210 LOC108010808 translationally-controlled tumor protein pseudogens
5210 Plet1 placenta expressed transcript 1
5215 LOC101723772 uncharacterized LOC101723772
521 LOC101725871 T-complex protein 1 subunit zeta
5284  LOC110344880 uncharacterized LOGC110344600
5281  LOC106003440 uncharacterized LOC108003440
5410 LOC110347960 uncharacterized LOGC110347950
411 Ido1 “indoleamine 2.3-dicxygenase 17
5411 LOC110344930 uncharacterized LOGC110344830
5411 LOC101724224 uncharacterized LOC101724224
5.427 Scp2 secretogranin |l
5,438 Gjb2 gap junction profein beta 2
5.475 LOC110244528 uncharacterized LOC110344528
5.581 Lanci3 LanC like 3
5580 Hsd11b1 ydraxysteraid 11-beta dehydrog 1
5611 LOC110248504 405 ribosomal protein 52 pseudogene
5621 Hdach hiztone deacetylase 8
5.688 Cited1 Cbp/p300 i with GlulAsp rich carboxy-te | domain 1
711 LOC110247410 uncharacterized LOC110247410
5772 LOC101608282 uncharacterized LOC101698282
5780 Ptp=2 prostaglandin-endoperoxide synthase 2
5877 Svepl “sushi, von Willebrand factor type A, EGF and pentraxin domain containing 1°
6.012 LOC110248318 uncharacterized LOC1102343218
6.012 Capns2 calpain small subunit 2
6.012 LOC101603865 eotaxin
6.012 LOC101701384 ADP-ribosylation factor-like protein 2-binding protein pseudegens
6.012 LOC110351010 histone H3
6.012 LOC1102344276 uncharacterized LOC110344276
6.012 Foxal forkhead box A1
6012 LOC101702235 ferritin Bght chain pseudopens
6.054 Hek "HCK proto-oncogene, Src family tyrosine kinase™
6.105 Rgee regulator of cell cycle
6.168 Synl synapsin |
6.185 Acpp “acid phosphatase, prostate”
6.456 Col23a1 collagen type X200 alpha 1 chain
6613 Scpi secretogranin W
6633 Gijbd gap junction profein beta &
6.814 Cldn1d clsudin 18
6.914 LOC110244800 uncharacterized LOC1102344800
6.918 Olfm4 offactomedin 4
T.214 LOC110244566 uncharacterized LOC110344566
T.214 LOC101715086 uncharacterized LOC101715086
T.214 LOC110248404 uncharacterized LOC1102348404
T.214 LOC108009832 uncharacterized LOC106009832
T.214 LOC108010244 805 ribesomal protein L17 pseudogene
7338 Pamr1 domain i with muscle ion 1
7522 Mrg2 neuregulin 2
7.886 Den decorin
T.808 Cede141 coiled-coil domain containing 141
T.816 LOC101714801 uncharacterized LOC101714801
T.816 LOC110248356 uncharacterized LOC1102348256
T84 Cp ceruloplasmin
8237 LOC110248160 uncharacterized LOC1102348160
2331 LOC101705012 "HLA class |l histocompatibility antigen. DRE1-4 bata chain™
a7 Pdzk1ip1 PDZK1 interacting protein 1
8417 LOC110248227 uncharacterized LOC1102348227
8417 LOC110244808 uncharacterized LOC1102344808
8417 LOC110250848 uncharacterized LOC110350842
8417 LOC110250012 uncharacterized LOC110350012
8417 LOC110248730 uncharacterized LOC1102348730
9.370 LOC1102443568 uncharacterized LOC1102344368
2.618 LOC110245872 uncharacterized LOC1102345872
2418 LOC110245817 protein FAM1T7AT pseudogens
8472 Cel20 C-C motif chemokine ligand 20
9.943 Rab11fip4 RAB11 family interacting protein 4
10.268 LOC101718744 plasminogen sctivator inhibitor 2
10.462 CdT4 CD74 molecule
10.822 LOC1102351111 uncharacterized LOC110351111
11.183 21r interleukin 21 receptor
13.055 Fdcsp follicular dendritic cell secreted protein
13.151 LOC101704867 “HLA class || histocompatibility antigen. DQ alpha 1 chain™
13.648 Selp selectin P
[ 138432 b interleukin 1 beta
l 15.231 Mmp@ matrix metallopeptidase 9
15.632 LOC110250305 uncharacterized LOC1102350205
13.800 Tacl tachykinin precursor 1
40.882 Mmp3 matrix metallopeptidase 3
55712 Rfina refilin A
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Figure 15. Knockdown of ApoF or p-catenin has similar effects in NSFs. (a) Immunoblot confirming
downregulation of ApoF upon ApoF and g-catenin knockdown in NSFs. B-tubulin was used as a loading control.
(b) Densitometric quantification of B-catenin and ApoF expression from the immunoblots shown in (a). Data are
expressed as the mean + standard deviation (n=3 culture wells/group). *P<0.05 and ***P<0.001, two-sided
Student’s paired t-test. (¢) Immunofluorescence images demonstrating decreased abundance of lipid droplets
upon g-catenin or ApoF knockdown (left). Scale bars, 10 um. Quantitative results showing percentage coverage
of cells stained with ORO versus that by total cells in the ORO assay (right). Data are expressed as the mean +
standard deviation (n=3 culture wells/group). ***P<0.001, two-sided Student’s t-test. (d) Representative images
showing SA-B-gal activity in control, f-catenin, and ApoF knockdown NSFs (left). Quantitative analysis of SA-
B-Gal-stained cells in control, f-catenin, and ApoF knockdown cells (right). Data are expressed as the mean *
standard deviation (n=3 culture wells/group); n.s., non-significant; ** P<0.01 and *** P<0.001, two-sided
Student’s paired t-test.
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Figure 16. ApoF expression is regulated by p-catenin abundance in NSFs. (a)
Immunoblot verifying ApoF downregulation upon g-catenin or ApoF knockdown. (b) RT-
PCR quantifying expression of s-catenin and ApoF. (c) Immunoblot showing expression of
[-catenin and ApoF upon g-catenin knockdown and/or ApoF overexpression.

3.6  ApoF overexpression restored the formation of lipid droplets
and prevented senescence-like phenotypes induced by -

catenin knockdown

To further elucidate the function of ApoF, we overexpressed ApoF in control
and B-catenin knockdown NSFs (Fig. 16b, c). Remarkably, ApoF overexpression
restored the formation of ORO-positive lipid droplets in B-catenin knockdown NSFs,
supporting that ApoF was crucial for the accumulation of lipid droplets (Fig. 17a).

Moreover, ApoF overexpression prior to f-catenin knockdown prevented the B-catenin
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knockdown-induced expansion of cell area and activation of SA-p-gal (Fig. 17b).
Notably, ApoF overexpression after B-catenin knockdown did not restore cell area or
prevent SA-B-gal activation in NSFs (Fig. 17b, c), consistent with the earlier
observation that reloading cholesterol in senescent-like cells failed to suppress
induction of SA-B-gal (Fig. 12). Furthermore, fluorescence analysis with BODIPY
revealed that cholesterol accumulation in ORO-positive lipid was also dependent on the
B-catenin-ApoE axis (Fig. 18). These findings suggest that ApoF is required for -
catenin-induced formation of cholesterol-enriched lipid droplets, which could be
involved in the protection of NMR cells from senescence-like phenotypic changes.
However, treatment of PNU-74654, an inhibitor that hinders the interaction between 3-
catenin and TCF-4,, in a dose-dependent manner on NSF rendered the expression of
ApoF unchanged (Figure 19), indicating that ApoF expression is TCF-independent.

3.7  The p-catenin-ApoF axis protected NSFs from oxidative stress

As mentioned earlier, we found that B-catenin knockdown promoted the
formation of 8-OHdG, a marker for oxidative stress, suggesting that cellular senescence
regulated by the B-catenin-ApoF axis is linked to oxidative stress (Fig. 4g and Fig. 5¢).
To verify this possibility, we examined the effects of p-catenin or ApoF knockdown on
the levels of reactive oxygen species (ROS) using CellROX Green Reagent, based on
the previous observation that cellular senescence resulted from the accumulation of
oxidative damage inflicted by ROS & Evidently, p-catenin and ApoF knockdown
induced elevation of ROS at high intensity compared to the control (Fig. 20a). Next,
we used the Alamar Blue Assay to measure the cellular reducing power of NSFs as an
index of cell viability. The results showed that the cell viability was significantly
decreased in both B-catenin and ApoF knockdown NSFs (Fig. 20b). However,
treatment of N-acetyl-L-cysteine (NAC), a strong antioxidant ®, on B-catenin and ApoF
knockdown NSFs restored and increased the cell viability. These findings suggest that
the B-catenin-ApoF axis functions protect NMR cells from oxidative stress leading to
cellular senescence associated with [-catenin/ApoF-mediated upregulation of

cholesterol metabolism.
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Figure 17. ApoF restores lipid droplets under conditions of B-catenin depletion. (a) Immunofluorescence
images demonstrating lipid droplet restoration by ApoF overexpression. Scale bars, 20 pm. (b)
Immunofluorescence images demonstrating changes in cell size and actin rearrangement upon p-catenin
knockdown and/or ApoF overexpression. Scale bars, 20 um. (c) SA-B-gal assay of NSFs expressing the
indicated shRNA and/or ApoF ¢cDNA (left). Scale bars, 100 um. Quantitative results showing the percentage
coverage of senescent cells versus that by total cells in the SA-B-gal assay (right). Data are expressed as the
mean + standard deviation (n=3 biological replicates). ***P<0.001 and n.s., not significant; two-sided Student's
t-test.
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Figure 18. Overexpression of ApoF restores formation of cholesterol-enriched lipid droplets, which
were suppressed by p-catenin knockdown. Immunofluorescence images demonstrating changes in
formation of BODIPY- and ORO-positive lipid droplets upon B-catenin knockdown and/or ApoF

overexpression. Scale bars, 20 um.
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Figure 19. ApoF expression is TCF-independent. Immunoblot showing
[-catenin expression levels upon treatment with increasing doses of Wnt/f3-

catenin antagonist PNU-74654.
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Figure 20. Induction of oxidative stress and decreased cell viability under g-catenin and
ApoF knockdown conditions. (a) Immunofluorescence images showing elevated oxidative
stress detected by CellRox upon f-catenin or ApoF knockdown. Scale bars, 20 um. (left)
Quantitative analysis of the CellRox in control, s-catenin, and ApoF knockdown NSFs (right).
Data are expressed as the mean + standard deviation (n=3 culture wells/group) (lower graph);
**P<(.01, Student’s unpaired t-test. (b) Alamar Blue assay showing decreased viability of
NSFs upon g-catenin or ApoF knockdown, which was restored by treatment with NAC. Data
are expressed as the mean * standard deviation (n=5 culture wells/group). ***P<0.001,
Student's unpaired t-test.
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3.8 Overexpression of B-catenin in MSF render the ApoF expression and lipid

droplets abundance level unchanged

To investigate whether the interconnection between B-catenin and lipid droplets
abundance could be manifested in mouse, we overexpressed B-catenin in MSF and
NIH3T3. However, the ApoF expression level remained unchanged (Figures 21a), and
there is no dramatic accumulation of lipid droplets in both MSF and NIH3T3 cells
(Figures 21b), suggesting that the B-catenin governed cholesterol metabolism via ApoF
is uniquely established in NMR cells. As B-catenin is an oncogenic factor, one would
think that NSF would grow anchorage-independently; on the contrary, the clonogenic
assay shows that there are significantly fewer colonies of NSF cells form in the soft
agar compared to that of the mouse. While mouse cell lines with ectopic expression of
B-catenin form many and large colonies in soft agar (Figures 22). These findings

speculate that B-catenin might have moonlighting roles in NMR.
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Figure 21. Overexpression of B-catenin in MSFs does not alter ApoF expression or lipid droplet
abundance. (a) Immunoblot showing expression of B-catenin and ApoF in mouse cell lines after ectopic
expression of g-catenin. (b) Representative phase-contrast and bright-field images of ORO-stained lipid
droplets in control and S-catenin-overexpressing mouse cell lines. Scale bars, 100 pm.
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Figure 22. Differential role of p-catenin in NMR and mouse cells. (a) Soft agar
colony formation assay of NSFs and MSFs. Representative dishes and enlarged
views are shown (left panels). (b) Soft agar colony formation assay for MSFs and
NIH3T3 cells with or without overexpression of f-catenin. Representative dishes
and enlarged views are shown (upper panels). Data are expressed as the mean *
standard deviation (n=3 culture wells/group). ***p<0.001, Student's unpaired t-test.
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CHAPTER IV

DISCUSSION

4.1  Significance of this Research

Mutation and overexpression of [-catenin are associated with increased
proliferation in many cancers. However, NMR exhibits an exceptional characteristic in
which accumulation of B-catenin is regulated by significantly low expression level of
Axinl in the cytoplasm, yet with no increased proliferation observed in wild-type NMR.
This gives the notion that excessive -catenin may be the working principle that drive

this bizarre protective process from senescence.

The results in the Chapter I11 raise interesting questions regarding the functional
significance of B-catenin and whether there is a correlation with longevity and anti-
aging mechanism. However, further studies are required to pinpoint the working
mechanism of high [3-catenin level govern the cholesterol metabolism via activation of
ApoF in NMR, which may contribute to anti-senescent mechanism and preventing
aging. Besides that, the experimental results in this study could give a fundamental

insight into how NMR achieve enhanced lifespan via B-catenin-ApoF axis. Thus,

increased insights into the molecular mechanism underlying Wnt/B-catenin signalling

at the interface of aging could making an advanced progress in improving human health.

4.2 Objectives achieved in this work

In normal mammalian cells, the activation of Wnt/B-catenin signaling generally
plays crucial roles in cell cycle progression by upregulating mitogenic genes, such as

c-Myc and Cyclin D1 %, Furthermore, aberrant upregulation of the Wnt/B-catenin
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pathway is a major cause of colorectal cancer 887 which is mainly attributed to
mutations in APC, Axinl, APC, or B-catenin 88 Paradoxically, NMR cells expressed
high levels of -catenin and low levels of Axinl yet target proteins such as cyclin D1
and c-Myc were expressed at considerably lower levels, potentially accounting for the
slower growth rate of NMR cells. To obtain a more definitive evidence regarding the
amount of cytoplasmic and nuclear -catenin, NSF and NLF were compared and the
results were confirmed to be similar in immunoblotting and immunofluorescence, with
compelling results from DLR assay showing B-catenin transcriptional activity was
increased in NMR cells (Figure 1c). Furthermore, the results from
immunofluorescence has corroborated that substantial amount of B-catenin is localized
in both cytoplasm and nucleus in NMR cells (Figure 1b). Thus, these results perchance
signify the uncommon roles of B-catenin in distinctive features of NMR — enhanced

longevity.

Because Axinl scaffolds the destruction complex to promote B-catenin
degradation, I postulated that Axinl upregulation would decrease the free f-catenin
pool in NMR. Furthermore, inhibition of Wnt production or overexpression of Axinl
did not affect the accumulation of B-catenin in NMR cells (Figure 3b,c). These
unexpected observations suggested that [-catenin might play unique roles
independently of the canonical Wnt/B-catenin pathway in NMRs. The negative data
shown by Axinl regulation could also be inferred from the highly phosphorylated and
inactive GSK3p (Figure la), which its active form is responsible for f-catenin
phosphorylation to be targeted for degradation ®. Since meddling with the master
protein GSK3p would disrupt most of the metabolic processes in the cell, | proceeded
with B-catenin downregulation to examine its role in NSF. Western blot, fluorescence
microscopy and DLR assay were used to validate efficient knockdown of B-catenin
(Figure 4). Overall, these experiments confirmed the reduced expression of f-catenin
at protein level and validated the experimental model. In detail, reduced expression of
B-catenin by shRNA altered cellular morphology with a considerable expansion of cell
area. Because free cytoplasmic p-catenin is mainly involved in cell proliferation, shp-
catenin knockdown in NSF cell lead to remarkable decrease in growth rate and f-
catenin activity as shown in Figure 4e, f. Functionally, results of my in vitro
experiments reflect clearly the transcriptional factor and key modulator of Wnt/B-

catenin signalling pathway with a prominent role as regulator of cellular metabolism.
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To demonstrate that B-catenin is potentially involve in tumorigenesis, | conducted soft-
agar colony formation assay (clonogenic assay) in NSF and MSF cell lines, and the
results from Figure 22 revealed that MSF control group is substantially more
anchorage-independent and transformed than the NSF, but evidently less tumorigenic

than MSF with ectopic expression of B-catenin.

Since downregulation of pB-catenin reveals the distinctive hallmarks of
senescence — increased cell surface area and arrested growth, | next progressed my
research to confirm the rest of the hallmarks of senescence, as 3-catenin is also involved
in regulating the expression of p16™K*A in a cell context dependent manner 992,
Strikingly, significant amount of shBcat NSF cells that were discernibly stained with
X-gal was observed in the senescence-associated B-galactosidase assay (Figure 7b).
Although p21 instead of p16 was used as senescence marker in this experiment, but the
relative increased expression of p21 correspondingly supported that B-catenin
signalling is central to cell senescence induced by cell stress such as [B-catenin
downregulation. This result is consistent with the study conducted by Ye et al 2007,
which highlighted that Wnt/Bcatenin pathway is involved in senescence regulation, as
repression of Wnt2 induced senescence in stressed primary human fibroblast WI38.
Furthermore, a switch from conical to non-canonical pathway in old mice resulted in

senescence of hematopoietic stem cells %,

Apart from above-mentioned results, there are several interesting findings
regarding the Wnt/B-catenin pathway in NMR. For instance, to identify whether there
are existential differences in Wnt canonical pathway between NMR and mouse,
immunofluorescence study was conducted to determine the localization and expression
levels of main proteins that comprise the p-catenin destruction complexes, such as
Axinl, Adenomatous Polyposis Coli (APC), B-catenin and Glycogen Synthase Kinase
3B. And the results show that APC is primarily localized in the nucleus (Figure 1c),
while B-catenin are distributed evenly between the nucleus and cytoplasm in NMR skin
fibroblast (Figure 1b). Nuclear localization of APC is also exceptional to NMR since
in many cells, APC appears to be mainly cytoplasmic, with a concentration near the
cell membranes °4%. Hence, it has been proposed that APC shuttles B-catenin from the
nucleus and cytoplasm to the junctional compartment where Axin complex seems to be

anchored °6. To gain support for this, APC was revealed to contain highly conserved
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nuclear export signals (NES) 3" adjacent to the mutation cluster region, enabling APC

to chaperone nuclear p-catenin and reducing the latter transcriptional activity 4°-°7:%,

Furthermore, GSK3p has been reported to have nuclear function in
downregulating the activity of B-catenin activity *, rationalising the high p-catenin
activity might be caused by hyperphosphorylation and inactivation of GSK3p in NMR
(Figure 2d). While GSK3p is commonly deemed as cytoplasmic protein, several studies
indicated that nuclear GSK3pB is involved in mediating the nuclear/cytoplasmic
distribution of several proteins including cyclin D1, GATA-4 1% ¢-Myc 1%, Bax 12,
Snail 1 and p53 %4, Although nuclear APC and GSk3pB appear to have multiple
functions, its effect on B-catenin and Whnt signalling remained unelucidated, thereby
further experiments are required to grasp more insight about APC and GSK3p. Besides
that, an Axin homolog, Axin 2 that is functionally similar to Axin 1 26, was expressed
and mainly localized to the nucleus in both NMR and NIH3T3 cells (Supplementary
Figure 4). Axin2 has been reported to induce B-catenin degradation, whereas mutants
of Axin2 are dysfunctional in complex formation stabilizing p-catenin. 1%, On contrary,
overexpression of Axin2 could directs B-catenin to the degradation pathway without
functional APC 1%, proposing that NMR could possibly utilize Axin 2 instead of Axinl
to regulate the stability of B-catenin.

In the previous context, | found that p-catenin knockdown in NSFs altered
cellular morphology and function, with a considerable expansion of cell area, a
remarkable decrease in growth rate, increased SA-B-Gal activity, nuclear accumulation
of p21, and increased DNA damage. These phenotypes were consistent with cellular
senescence, indicating that B-catenin knockdown induced cellular senescence in NSFs.
On the other hand, B-catenin knockdown abolished the accumulation of cholesterol-
enriched lipid droplets, and cholesterol synthesis inhibition caused senescence-like
phenotypic changes similar to 3-catenin knockdown. These observations suggested that
abundant B-catenin in NMR cells suppressed cellular senescence via the accumulation
of cholesterol in lipid droplets, consistent with a study that reported the suppressive role
of cholesterol on senescence in mice 1% I also showed that the p-catenin-ApoF axis
was associated with ROS levels and cellular reducing power. In addition, cellular
senescence was reported to result from the accumulation of oxidative damage inflicted
by ROS of mitochondrial origin &. A recent study identified that mitochondrial ROS
generation rates are comparable between NMRs and mice, but that the capacity to
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neutralize ROS is much higher in NMRs than in mice. In conjunction with these
findings, our results raise a hypothesis that the abundant cholesterol in NMR cells may
serve as a ROS scavenger to suppress the onset of cellular senescence, supporting the
previous study that cholesterol could function as an antioxidant to counter oxidative
stress 1%, However, | could not rule out the possibility that B-catenin could also
contribute to other molecular mechanisms underlying the anti-senescence effect via the

upregulation of matrix metalloprotease pathway and GPCR signaling (Fig. 14a).

To date, several studies have attempted to identify the functional link between
Whnt/B-catenin signaling and lipid droplet formation in other contexts, but the results
were somewhat contradictory. A cancer stem cell model revealed a direct correlation
between Wnt pathway activity and increased lipid contents °. On the contrary,
canonical Wnt signaling reprograms lipid metabolism by attenuating the accumulation
of lipid droplets upon K-Ras overexpression 1% In breast cancer cells, p-catenin
knockdown upregulates proteins associated with lipid metabolism 1. In the present
study, however, B-catenin knockdown in NMR cells suppressed the LXR/RXR pathway
involved in cholesterol metabolism and lipogenesis, indicating that the B-catenin
pathway positively regulates cholesterol synthesis in NMRs. These inconsistencies
between the roles of B-catenin in the regulation of lipid droplet formation further
underscore the unique function of B-catenin in NMRs.

| identified ApoF, a cholesterol transfer inhibitor protein, as a unique target of
B-catenin in NMR cells 2. ApoF knockdown suppressed the accumulation of lipid
droplets and promoted cellular senescence in a manner similar to -catenin knockdown,
while ApoF overexpression restored lipid droplet formation in B-catenin knockdown
NSFs. These results suggest that ApoF is a crucial mediator of p-catenin-mediated
accumulation of cholesterol in lipid droplets. However, the mechanisms by which ApoF
expression is regulated by B-catenin are yet to be elucidated. I attempted to identify the
functional link among TCF4, B-catenin, and ApoF using PNU-74654, an inhibitor
preventing interaction between B-catenin and TCF %3, Treatment of PNU-74654 in a
dose-dependent manner on NSF rendered the expression of ApoF unchanged (Fig. 19),
indicating that ApoF expression is TCF-independent. This suggests that a unique
transcription factor(s) contributes to the p-catenin-mediated regulation of ApoF
expression in NMR cells, or alternatively that ApoF expression is indirectly regulated

via an unknown mechanism downstream of the p-catenin signaling.
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To investigate whether the interconnection between B-catenin and lipid droplets
abundance could be manifested in mouse, | overexpressed B-catenin in MSFs and
NIH3T3. However, the ApoF expression level remained unchanged (Fig. 21a), and
there was no dramatic accumulation of lipid droplets in both MSFs and NIH3T3 cells
(Fig. 21b). In addition, we observed that NSFs had no ability of anchorage-independent
growth regardless of abundant B-catenin expression as expected (Fig. 22a), while
overexpression of B-catenin in mouse cells appreciably promoted the anchorage-
independent growth (Fig. 22b), indicating that -catenin is oncogenic in mouse cells
but not NMR cells. These results further highlight the functional difference between
NMR and mouse [B-catenin, and suggest that the [B-catenin-governed cholesterol

metabolism via ApoF is uniquely established in NMR cells.

4.3 Summary

NMR exhibit an extraordinary Wnt/B-catenin signalling pathway. It robustly
expressed [-catenin, yet the target genes such as cyclin D1 and c-myc are not
upregulated in response to high P-catenin level, indicating [-catenin might have
atypical roles in resisting senescent/aging process. In summary, | identified constitutive
high B-catenin activity in NMR cells. The increased B-catenin activity promoted the
accumulation of cholesterol-enriched lipid droplets via ApoF upregulation, which could
protect NMR cells from cellular senescence. These findings confirmed that NMR cells
are intrinsically susceptible to cellular senescence 14, potentially due to their low rate
of basal metabolism ¥, which may be beneficial for longevity and cancer resistance.
Hence, the upregulation of the unique B-catenin pathway in NMR cells could
counterbalance their strong senescence potential, promoting longevity and survival in
harsh conditions on a whole organism level. the present study could give a fundamental

insight into how NMR achieve negligible senescence via B-catenin-ApoF signalling. In

addition, further analysis of the molecular mechanisms underlying the anti-senescence
functions of cholesterol could reveal new approaches to treatment for aging-related

conditions.
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APPENDICES

pLKO1 shBcatenin primers design

Central region

5 3
1 (28bp) 3(30bp)

CCGGCTCCCATCGAAAACATCCAGA CTC|GAG TCTGGATGTTTTCGATGGGAGTTTTTG

GAGGGTAGCTTTTGTAGGTCT GAGCTCJAGACCTACAAAAGCTACCCTC AAAAACTTAA

D S ——
3 5

2(27bp) 4(31bp)

Near 3'UTR region
5’ 3’
1 (28bp) 3(30bp)
CCGGCGTTGTAACCTGCTGTGATACCTC|GAGGTATCACAGCAGGTTACAACGTTTTTG

GCAACATTGGACGACACTATGGAG CTC|CATAGTGTCGTCCAATGTTG CAAAAACTTAA

D ——
3 5/

2(27bp) 4(31bp)

Supplementary Figure 1. Sequences for shf3-catenin targeting central and UTR region. Red:
target sequence; Blue: linker sequence; Green: Complementary target sequence; Black:
Restriction site.
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Miul 228

ColET ori

E;IM,WF&SII-!‘.:I'Iu"l'1.I"-l|.||*!.".-5-IFIESZ-BEJ.':I 3 A

9545 bp CcPPT4CTS
Zeo

Nhel 3165
_— Eco47lll 3168

SWA0 pro & ori

1 ori

BGH pA Bsd
L5
Ageiyz PHE

I Pstl 3180

Ay “._Notl 3195
\ Apal 3323 BamH| 3203
f L
/ N\
! '-.
Apal 5527 '\ Xbal 4204
Hpal 4210

Plasmid name: CSII-CMV-MCS-IRES2-Bsd

Plasmid size: 9345 bp

Note

CMV: Human cytomegalovims immediate earlv promoter

y: Packaging signal

3'5D: 57 splicing donor site

3"5A: 3 splicing acceptor sife

ERE: Rev responsive element

cPPT: Central polypurine tract

CT5: Central termination sequence

MCS: Multiple cloning site

IRES2: Encephalomyocarditis virus internal ribosomal entry site

Bsd: Blasticidin resistance gene

PRE: Woodchuck hepatitis vims posttranscriptional regulatory element
del U3: Deletion of enhancer and promoter sequences in the U3 region
BGH pA: Bovine growth hormone polvadenylation signal

SV40 pro & ori: SV40 early promoter and origin

Zeo: Zeocin resistance gene

SV40 pA- SV40 polvadenylation signal

Amp: Ampicillin resistance gene

Supplementary Figure 2. Vector map of CSII-CMV-MCS-IRES2-Bsd; used for lentiviral

overexpression of Axinl in NSF.



65

(6844) EcoRlI Xeml (29)
(6838) Mlul Spel (257)
(6820) Agel Biot 337
(6819) BfuAl - BspMI pA e
(6752) Ndel scl (346)
LKO.15' v
Hincll (484)
4 : \ BamHI (514)
(6534) BspDI1* - Clal * Ly
(6445) Kfll - PpuMi :
(6088) Alel PfIFI - Tth111l (575)

BsiWI (589)
(5935) BbvCl - Bpulol BstEll (667)
(5700) Mfel ’ B AR 8
\PG -~
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(5348) Nrul * 10pA-F

pPLKO.1 puro

Ncol (1767)
sfil (1813)
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M13 Revers

NgoMIV (2193)
Nael (2195)

(4329) Pcil

(4029) PspFl Scal (2960)
(4025) BseYl

Supplementary Figure 3. Vector map of pLKO1; used for -catenin knockdown in NSF.

Axin2 Cyclin D1

NM

NIH3T3
Supplementary Figure 4. Immunofluorescent results showing expression and localization of

AXin2 in NSF and NIH3T3 cells.

Phase Contrast
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