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Aims Telomere attrition in cardiomyocytes is associated with decreased contractility, cellular senescence, and up-
regulation of proapoptotic transcription factors. Pim1 is a cardioprotective kinase that antagonizes the aging pheno-
type of cardiomyocytes and delays cellular senescence by maintaining telomere length, but the mechanism remains
unknown. Another pathway responsible for regulating telomere length is the transforming growth factor beta
(TGFB) signalling pathway where inhibiting TGFf signalling maintains telomere length. The relationship between
Pim1 and TGFp has not been explored. This study delineates the mechanism of telomere length regulation by the
interplay between Pim1 and components of TGFp signalling pathways in proliferating A549 cells and post-mitotic
cardiomyocytes.

Methods and Telomere length was maintained by lentiviral-mediated overexpression of PIM1 and inhibition of TGFp signalling in

results A549 cells. Telomere length maintenance was further demonstrated in isolated cardiomyocytes from mice with
cardiac-specific overexpression of PIM1 and by pharmacological inhibition of TGFf signalling. Mechanistically, Pim1
inhibited phosphorylation of Smad2, preventing its translocation into the nucleus and repressing expression of
TGFp pathway genes.

Conclusion Pim1 maintains telomere lengths in cardiomyocytes by inhibiting phosphorylation of the TGFf3 pathway down-
stream effectors Smad2 and Smad3, which prevents repression of telomerase reverse transcriptase. Findings from
this study demonstrate a novel mechanism of telomere length maintenance and provide a potential target for pre-
serving cardiac function.
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1. Introduction

Ciritically short telomeres are associated with cellular senescence and
cardiovascular disease." Cardiomyocyte-specific telomere attrition is a
characteristic of heart failure in humans and has been associated with de-
creased contractile ability, hypertrophy, and senescence.™ In prolifera-
tive cells, multiple rounds of cell division promote telomeric shortening,
activating DNA damage response that results in cellular senescence or
apoptosis.® Cardiomyocytes also exhibit telomere attrition as a result of
biomechanical stress, oxidative stress, or inflammation.” Unveiling mo-
lecular mechanisms responsible for preserving telomeres in cardiomyo-
cytes could provide valuable insights into antagonizing cellular aging and
preserving cardiac function.

Pim1 kinase plays a role in maintaining a youthful cellular phenotype as
it regulates a myriad of physiological responses such as anti-apoptotic
signalling,’ preservation of mitochondrial integrity, enhancing metabolic
activity,® and importantly, maintenance of telomere length.”'® Pim1-
mediated maintenance of telomeres was established in proliferating car-
diac interstitial cells (CICs) derived from murine hearts’ or cardiac
explants from heart failure pa‘cients.10 Additionally, telomere shortening
was observed in response to knockout of Pim1 in mouse cardiomyo-
cytes."! Although the role of Pim1 in maintaining telomeres has been
established, the underlying mechanisms of Pim1-induced telomere main-
tenance are largely unknown.

Another pathway responsible for regulating telomere length is the
transforming growth factor beta (TGFp) signalling pathway, where
TGFB activation inhibits telomerase ac‘civity.n'13 TGFB is a cytokine
that mediates a host of cellular responses through stimulation of
TGFB receptors and downstream phosphorylation and activation of
receptor-associated Smad proteins including Smad2. Activated
Smad?2 translocates into the nucleus and regulates expression of
TGFP pathway target genes responsible for inducing hypertrophic
effects on cardiomyocytes and promoting myocardial fibrosis in the
failing heart."*"> Although TGFB-mediated regulation of telomeres
has been elucidated in proliferating cells,’®"” the impact of TGFp sig-
nalling inhibition upon telomere maintenance in post-mitotic cells is
yet to be explored. Moreover, the intracellular molecular interac-
tions between TGFp signalling and other pathways involved in telo-
mere regulation have not been fully unravelled.

Independent studies showing opposing effects of Pim1 kinase and
TGF signalling upon telomere length point to a potential interaction be-
tween Pim1 and TGF signalling cascades. This study was designed to as-
sess the role of signalling interplay between Pim1 kinase and TGFp in
regulating telomere length. Findings from this study demonstrate that
both Pim1 overexpression and TGFf signalling inhibition maintains telo-
mere length. Mechanistically, Pim1 maintains telomere length by inhibit-
ing TGFP signalling as revealed by decreased phosphorylation of its
downstream effector Smad2. TGFf signalling inhibition by Pim1 was fur-
ther demonstrated by decreased expression of TGFP pathway target
genes Serpine! and FOXAZ2. Signalling events were first established in
A549 human lung carcinoma cells and recapitulated in post-mitotic adult
murine cardiomyocytes, indicating that the Pim1/TGFp signalling axis
extends to proliferating and non-proliferating. cells. Overall, findings
from this article introduce a novel molecular link between Pim1 and
TGFB signalling cascades, suggesting a potential mechanism by which
Pim1 maintains telomere length.

2. Methods

2.1 Cell culturing

About 200 000 A549 cells (ATCC; Manassas, VA, USA; CCL-185) were
plated in 60 mm dishes and were cultured in high glucose Dulbecco’s
Modified Eagle Medium (ThermoFisher; Waltham, MA, USA; 11965092)
supplemented with 10% foetal bovine serum (Omega Scientific; Tarzana,
CA, USA; FB-11) and 1% Penicillin-Streptomycin—Glutamine
(ThermoFisher; Waltham, MA, USA; 10378016) in a 37°C, 5% CO; hu-
midified incubator.

2.2 Viral infections

Lentiviral plasmids were created as previously described.'® A549 cells
were infected with lentivirus encoding enhanced green fluorescent pro-
tein (GFP) or human PIM1-GFP. GFP and PIM1 overexpression were
confirmed via immunoblotting. Cardiomyocytes were infected with len-
tivirus harbouring sh-RNA against telomerase reverse transcriptase
(TERT) (Lt-sh-TERT) (Dharmacon; Lafayette, CO) or a scramble (Lt-sh-
Control).

2.3 Animal experiments

All animal protocols were approved by the Institutional Animal Care and
Use Committee of San Diego State University and conform to the Guide
for the Care and Use of Laboratory Animals published by the US National
Institutes of Health. Transgenic mice with cardiac-specific overexpres-
sion of human PIM1 (PIM1) and global deletion of Pim1 (Pim1-KO) have
been described before.” Non-transgenic (NTg) age- and gender-
matched mice of the same strain (FVB) were used as controls. Male adult
mice aged 3 months and older were used for the study.

2.4 Isolation and culture of adult mouse

cardiomyocytes

Cardiomyocytes were isolated from 3-month-old FVB mice as previ-
ously described.'” Briefly, mice were anaesthetized with ketamine
(100 mg/kg) and injected with Heparin (100U/kg) (Sigma—Aldrich;
Burlington, MA, USA; H3393) intraperitoneally to prevent blood clots.
After mice displayed no pedal reflex in response to a firm toe pinch,
hearts were cannulated via the aorta and digested on a Langendorff
apparatus using Collagenase Il (230 U/mL) (Worthington; Lakewood, NJ,
USA; LS004147). Hearts were finely minced and triturated until no large
tissue remained. Following calcium introduction, 100 000 cardiomyo-
cytes were pre-plated on laminin (ThermoFisher; Waltham, MA, USA;
23017015) -coated 35 mm dishes. After 2 h, cardiomyocytes were cul-
tured in serum-free media overnight at 37°C following which pharmaco-
logical treatments were conducted.

2.5 Pharmacologic treatments

About 50 000 A549 cells were plated in 35 mm dishes. The following
day, cells were treated with 10puM LY-364947 (TGFR-In) (Selleck
Biochem; Houston, TX, USA; S2805) for 48 h or with 10 ng/mL TGF-f1
(R&D Systems; Minneapolis, MN, USA; 766-MB) for 1 h. About 100 000
cardiomyocytes were plated in 35mm dishes and were treated with
10ng/mL TGF-B1 10uM TGFR-In, 3mM N-acetyl-cysteine (NAC)
(Sigma—Aldrich; Burlington, MA; A9165), 200 uM 6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid (Trolox) (Sigma—Aldrich; Burlington,
MA; 238813), or 25uM blebbistatin (Sigma—Aldrich; Burlington, MA;
B0560) for 48 h.
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2.6 Quantitative RT-PCR

RNA was isolated using Quick-RNA Miniprep Kit (Zymo Research;
Irvine, CA, USA; R1054) following the manufacturer’s instructions. RNA
concentrations were determined using a Nanodrop 2000 spectropho-
tometer (ThermoFisher; Waltham, MA; ND-2000) and cDNA was syn-
thesized using iScript cDNA synthesis kit (Bio-Rad; Hercules, CA, USA;
1708890). Reactions were prepared in triplicate using 6.5 ng cDNA per
reaction and iQ SYBER Green (Bio-Rad; Hercules, CA, USA; 1708880)
on a CFX Real-Time PCR thermocycler (Bio-Rad; Hercules, CA, USA;
1855201). Samples were normalized to 18S and data were analysed by
AACt method. Primers sequences are listed in Table 1.

2.7 Telomere measurement using
quantitative RT-PCR

Telomere lengths were measured based on the monochrome multiplex
gPCR method established by Cawthon et al.>® Genomic DNA was iso-
lated from A549 cells, myocardial tissue, or isolated adult myocytes using
the NucleoSpin Tissue kit (Machery-Nagel; Bethlehem, PA, USA;
740952) following the manufacturer’s instructions. Reactions were pre-
pared in quintuplicate using 1.67 ng DNA and iQ SYBER Green (Bio-
Rad; Hercules, CA, USA; 1708880) on a CFX Real-Time PCR thermocy-
cler (Bio-Rad; Hercules, CA, USA; 1855201). Samples were normalized
to albumin and data were analysed by AACt method. The telomere
length was calculated as 2**“* multiplied by the average telomere length
for the mouse strain, determined from previous studies to be 75 000 bp
for FVB mice." Primer sequences are listed in Table 1.

2.8 Immunoblot

Cells were lysed in ice-cold radioimmunoprecipitation assay buffer
(ThermoFisher; Waltham, MA, USA; 89900) containing protease and
phosphatase inhibitor cocktails (Sigma—Aldrich; Burlington, MA, USA;
P8340, P5726, and P2850). Protein concentrations were analysed and
normalized by Bradford Assay and lysates were prepared by addition of
NuPAGE LDS Sample Buffer (ThermoFisher; Waltham, MA, USA;
NPOO0OQ7). Samples were sonicated and boiled then loaded onto a 4-12%
NuPAGE Bis—Tris gel (ThermoFisher; Waltham, MA, USA; NP0321BOX).
Proteins were transferred onto an Immobilon-FL Polyvinylidene difluoride
membrane (EMD Millipore; Burlington, MA, USA; IPFL0010) and the

Table | Primer list

membrane was blocked with Odyssey Blocking Buffer (Li-Cor; Lincoln,
NE, USA; 927-50000) for 1 h at room temperature and incubated with pri-
mary antibodies overnight at 4°C (Table 2). Secondary antibodies were ap-
plied for 2h at room temperature. Fluorescent signal was detected using
an Odyssey ClLx imaging system (Li-Cor; Lincoln, NE, USA) and bands
were quantified using Image Studio.

2.9 Immunofluorescence

Immunohistochemistry was performed on paraffin heart sections as pre-
viously described.””** Briefly, slides were deparaffinized in three changes
of xylene for 5min, followed by three changes of 100% ethanol for
3 min, two changes of 95% ethanol for 3 min, 70% ethanol for 3 min, then
rehydrated in three changes of de-ionized water for 3 min. The sections
were boiled in 10 mmol/L citrate buffer (pH 6.0) for 15 min then were
blocked with Tris—-NaCl-Blocking buffer (TNB) (Perkin Elmer; Waltham,
MA, USA; FP1020) for 30 min. Primary antibody (Table 2) was applied
overnight at 4°C in TNB. The following day, slides were washed with
three changes of Tris—NaCl (1XTN), stained with secondary antibody
for 2h at room temperature, washed in three changes of 1XTN for
5min, and then stained with 1pg/mL 4',6-diamidino-2-phenylindole
(DAPI; Sigma—Aldrich; Burlington, MA, USA; D8417). Slides were
mounted with Vectashield (Vector Laboratories; Burlingame, CA, USA;
H-1000), following which images were acquired on an SP8 confocal mi-
croscope (Leica; Buffalo Grove, IL, USA).

2.10 Quantitative-fluorescence in situ
hybridization

Telomere lengths were measured in heart samples by quantitative-fluo-
rescence in situ hybridization (qFISH) using a modified version of a previ-
ously published protocol>® Paraffin sections were subjected to
deparaffinization and antigen retrieval as described previously.”* The hy-
bridization probe was warmed to 37°C for 5 min and the hybridization
buffer (20 mM Tris at pH 7.4, 60% formamide, 0.1 pg/mL salmon sperm
DNA) (Sigma—Aldrich; Burlington, MA, USA; D1626) was heated to
85°C for 5min. The telomere probe (PNA Bio; Newbury Park, CA,
USA; F1002) was mixed with hybridization buffer at a ratio of 1:12.5 by
volume and heated to 85°C for 10 min. Simultaneously, the dried slides
were preheated at 85°C for 5min. Following application of the mix

Target Forward Reverse

Human SERPINE1 GCAACGTGGTTTTCTCACCC GGCCATGCCCTTGTCATCAA

Human N-CADHERIN =~ ATTGATGCTGACGATCCCAATGCC TCAAGTCCAGCTGCCACTGTGATCA

Human 18§ CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA

Mouse Serpine 1 TTCAGCCCTTGCTTGCCTC ACACTTTTACTCCGAAGTCGGT

Mouse Foxa2 CCCTACGCCAACATGAACTCG GTTCTGCCGGTAGAAAGGGA

Mouse Pim1 ATCCGCGTCGCCGACAACTT TCGGGTGCCATTGGGCAGTT

Mouse 185 CGAGCCGCCTGGATACC CATGGCCTCAGTTCCGAAAA

Telomere ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCT

AACA

Human ALB CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCA GCCCGGCCCGCCGCGCCCGTCCCGCCGGAAAAGCATGG
CAGAATCCTTG TCGCCTGTT

Mouse Alb CGGCGGCGGGCGGCGCGGGCTGGGCGGTTGCATGAA GCCCGGCCCGCCGCGCCCGTCCCGCCGGTCAGGCAGLT
GTTGCCAGAAG TTCCTTGTC
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Table 2 Antibody list

Antibody Catalogue number Dilution Application
Smad2 Cell Signalling 5339 1:500 1B
Phospho-Smad?2 (Ser465/467) Cell Signalling 3108 1:500 1B
Smad2/3 Cell Signalling 3102 1:500 IB
Phospho-Smad3 (Ser423/425) Abcam Ab52903 1:500 1B
Pim-1 ThermoFisher 39-4600 1:1000 IB
GFP Invitrogen G10362 1:1000 1B
GFP Rockland 600-101-215 1:100 IHC
TGFp R&D Systems MAB240 1:500 1B
TGFp Cell Signalling 3709 1:50 IHC
TERT ThermoFisher PA5-80105 1:500 1B
Cardiac troponin T ThermoFisher MA5-12960 1:100 IHC
GAPDH Millipore AB2302 1:5000 1B
Myosin light chain 2 Santa Cruz Sc-34490 1:20 IHC

containing the telomere probe and hybridization buffer, slides were
heated at 85°C for 10 min and subsequently incubated overnight at
37°C in a covered, humidified chamber. The next day, the slides were
washed once with 37°C 2x saline-sodium citrate (2XSSC) (Sigma—
Aldrich; Burlington, MA, USA; S6639), twice with 37°C 2XSSC contain-
ing 50% formamide for 5min each, and twice with 37°C 2XSSC for
5 min each. Slides were then blocked with TNB (Perkin Elmer; Waltham,
MA, USA; FP1020) for 1 h at room temperature, and incubated with pri-
mary antibody overnight at 4°C. The next day, slides were washed, incu-
bated with secondary antibody for 1h at room temperature, washed,
stained with 1pg/mL DAPI (Sigma—Aldrich; Burlington, MA, USA;
D8417), then mounted, and imaged.

To measure telomere length in vitro, slides of cultured adult cardio-
myocytes were treated with fixative containing 3:1 ratio of ethanol: ace-
tic acid for 30 min. Slides were treated with RNase solution (2XSSC
containing 100 pg/mL ribonuclease A) and incubated at 37°C for 1h
then washed with 2XSSC and phosphate-buffered saline for 5 min each.
Slides were then treated with 37°C 0.005% pepsin (Sigma—Aldrich;
Burlington, MA, USA; P7000) for 3 min and washed with phosphate-buff-
ered saline for 5 min. The slides were dehydrated using cold 70%, 90%,
and 100% ethanol for 2min each then air dried. The PNA probe was
warmed to 37°C for 5 min and mixed with hybridization buffer at a ratio
of 1:12.5 by volume and heated to 85°C for 10 min. Simultaneously, the
dried slides were preheated at 85°C for 5 min. Following application of
the mix containing the telomere probe and hybridization buffer, slides
were heated at 85°C for 5-10 min and subsequently incubated overnight
at 37°Cin a covered, humidified chamber. The next day, the slides were
washed once with 37°C 2XSSC for 5 min, twice with 37°C 2XSSC con-
taining 50% formamide for 5 min each, and twice with warm 2XSSC for
5min each. Following addition of 1 ug/mL DAPI, slides were mounted
and cells were imaged.

2.11 Telomere length measurements using
qFISH

qFISH images were acquired on the Leica SP8 confocal microscope.
Mean values provided by the Leica software represent the pixel sum/
sum processed pixel that accounts for the area of the region of interest,
therefore, no additional normalizations to the nuclear area were done.

2.12 Statistical analyses

Statistical analyses were performed using paired or unpaired Student’s t-
test or one-way ANOVA with Tukey’s multiple comparison test on
GraphPad Prism v5.0. A P-value of <0.05 was considered statistically
significant.

3. Results

3.1 Telomere length is elongated by PIM1

overexpression or TGFf} receptor inhibition

Previous studies demonstrate that telomere length is maintained by
PIM1 overexpression in mouse cardiac non-myocyte cells,” and that
telomeric shortening is associated with TGFf signalling.
capitulate these results, A549 cells were used because these cells ex-
press low levels of endogenous PIM1. GFP or GFP-PIM1 (PIM1) was
overexpressed via lentiviral infection in A549 cells and overexpression

13161725 T4 1.

was confirmed via immunoblot (Figure 1A). PIM1 cells contained 1.55-
fold longer telomeres than GFP cells after three passages as revealed by
quantitative RT-PCR (Figure 1B). To determine basal level of telomere
length, telomeres were measured in A549 cells before and after three
passages in culture. There was no significant change in telomere length
over three passages in culture suggesting that telomere length is already
in equilibrium in A549 cells (see Supplementary material online, Figure
S1A). Telomeres are dynamic in length as they are progressively eroded
during rounds of cell division and elongated by telomerase.*® PIM1 influ-
ences the equilibrium of telomeres in A549 cells, shifting it towards elon-
gation. The role of TGFf signalling on telomere length was then
evaluated by pharmacologic inhibition of TGFp receptor-1 (TGFR1) us-
ing LY-364947 (TGFR-In), a selective, ATP-competitive inhibitor of
TGFR1. Inhibition of TGFR1 resulted in 1.22-fold longer telomeres com-
pared to the vehicle control (Figure 1C). Collectively, these results dem-
onstrate that telomeres can be elongated by either PIM1 overexpression
or TGFB signalling inhibition in A549 cells.

3.2 Tgf} signalling is blunted by PIM1
The link between PIM1 and TGFp signalling was established by
examining the TGFf} pathway downstream targets, pPSMAD?2, SERPINE,
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and N-CADHERIN expression following treatment of 10 ng/mL TGFB1
on GFP and PIM1 cells. In the presence of TGFB1 agonist, PIM1 exhibited
a 41% reduction in pPSMAD?2 levels compared to GFP as evaluated by
immunoblotting (Figure 2A and B). Inhibitory effects of PIM1 on TGFf
signalling were confirmed by expression of canonical downstream
target SERPINE1 and non-canonical target N-CADHERIN as measured
via qRT-PCR. PIM1 displayed a 64% and 42% reduction in mRNA
expression of SERPINE1 and N-CADHERIN, respectively, compared to
GFP (Figure 2C and D). These findings indicate that TGFf signalling
is inhibited by PIM1 overexpression, suggesting a potential mecha-
nism by which telomere length is maintained by PIM1 in proliferating
A549 cells.

3.3 Telomere length is maintained by PIM1
in adult murine cardiomyocytes

Pim1 exerts cardioprotective effects in mouse myocardium.” To de-
termine if telomere length is maintained by Pim1 in cardiomyocytes,
telomeres were measured in hearts of 3-month-old non-transgenic
mice (NTg), transgenic mice with cardiac-specific overexpression of
human PIM1 (PIM1),%” and knockout mice with global deletion of
Pim1 (Pim1—KO).7 Telomeres were 27% longer in PIM1 myocardium
and 31% shorter in Pim1-KO hearts compared to NTg as revealed
by qRT-PCR (Figure 3A). Telomere lengths were then analysed in
cardiomyocytes from NTg, PIM1, and Pim1-KO heart sections via
gFISH (Figure 3C). Consistent with findings from whole heart
analysis, telomere fluorescence intensity was 28% greater in PIM1
cardiomyocytes and reduced by 30% in Pim1-KO cardiomyocytes
compared to NTg controls (Figure 3B). Collectively, these results
indicate that telomere length is maintained by PIM1 in adult mouse
cardiomyocytes.

3.4 Telomere length is maintained by TGFf3
inhibition in cardiomyocytes

The link between TGFp signalling and telomere length maintenance
has not been established in cardiomyocytes. Therefore, telomere
lengths were measured by qRT-PCR in isolated adult NTg mouse
cardiomyocytes following treatment with TGFB or TGFR-In for 48 h.
Telomeres were 1.87-fold longer following treatment with TGFR-In,
whereas no significant change to telomere length was observed with
TGFB treatment compared to the vehicle control (Figure 4A).

Furthermore, treatment of Pim1-KO with TGFR-In rescued the telo-
mere shortening observed (see Supplementary material online, Figure
S2A). Addition of TGFR-In to PIM1 cardiomyocytes did not further
maintain the telomeres, suggesting that PIM1 and TGFR-In act via sim-
ilar or concurrent pathways to maintain the telomeres in cardiomyo-
cytes (see Supplementary material online, Figure S2B). Telomeres
rapidly eroded in isolated cardiomyocytes over 48 h in culture (see
Supplementary material online, Figure S2A). Treatment with the anti-
oxidant Trolox maintained telomere length in culture, whereas treat-
ment with blebbistatin had no effect on telomere length, suggesting
that telomere attrition in culture was due to oxidative stress and not
biomechanical stress (see Supplementary material online, Figure S2C).
To further confirm the effect of TGFp signalling on telomere length,
qFISH analysis of telomeres was performed on isolated myocytes
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Figure | Telomere length is maintained by PIM1 overexpression or TGFf3 receptor inhibition. (A) Representative western-blot bands of GFP and PIM1
in A549 cells transduced with GFP or PIM1-GFP. (B) qRT-PCR quantification of telomere lengths in transduced A549 cells. n = 3, error bars represent
SEM, **P < 0.01 vs. GFP, *P < 0.05 vs. naive as measured by one-way ANOVA followed by Tukey’s multiple comparison test. (C) gRT-PCR quantification
of telomere lengths in naive A549 cells treated with TGFR-In. n =4, error bars represent SEM, *P < 0.05 vs. untreated as measured by Student’s t-test.
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Figure 3 Telomere length is maintained by PIM1 in adult murine cardiomyocytes. (A) Analysis of telomere lengths in isolated adult cardiomyocytes
from PIM1 or Pim1-KO mice via qRT-PCR. n =4, error bars represent SEM, *P < 0.05, **P < 0.01 vs. NTg, ***P <0.001 vs. PIM1 as measured by one-way
ANOVA followed by Tukey’s multiple comparison test. (B) Quantification of telomere fluorescence intensity indicated as mean fluorescence values from
qFISH images. n=32 nuclei per group, error bars represent SEM, **P <0.001 vs. NTg and vs. PIM1 as measured by one-way ANOVA followed by
Tukey’s multiple comparison test. (C) Representative qFISH images of telomeres (white) from NTg, PIM1, and Pim1-KO mouse heart sections co-stained
with myosin light chain 2 (MYLC2, red) and DAPI (blue). Scale bar represents 25 pm.

following treatment with TGFB or TGFR-In. Telomere fluorescence
intensity was 3.84-fold greater following treatment with TGFR-In
compared to the vehicle control (Figure 4B and C). Endogenous TGFf
expression was measured to account for the lack of change in telo-
mere length in TGFB-treated cells. Indeed, endogenous TGFp ex-
pression was detected in cardiomyocytes as determined by
immunoblot (Figure 4D). TGFp is synthesized as a latent precursor
protein that cannot interact with its receptor until it is cleaved to
yield the active form.?® There was no significant difference in latent
and active TGFp expression between NTg and PIM1 cardiomyocytes
(Figure 4E and F). Furthermore, TGFf expression was evaluated in
NTg and PIM1 hearts 7-day post-myocardial infarction. Conditions of
stress up-regulated TGFP expression in both NTg and PIM1, how-
ever, there was no significant difference in TGF[} expression between
NTg and PIM1 indicating that PIM1 does not directly affect ligand ex-
pression (see Supplementary material online, Figure S3B and C).
Likewise, treatment of NTg cardiomyocytes with TGFf had no effect
on Pim1 expression suggesting that Pim1 and TGFf do not exhibit feed-
back relationships (see Supplementary material online, Figure S3C).
Overall, these results demonstrate that telomere length is maintained by
inhibition of the TGFp signalling pathway in cardiomyocytes.

3.5 Expression of TGF[} downstream
targets is reduced by PIM1 in

cardiomyocytes

To determine whether TGF@ signalling inhibition is mediated by PIM1 in
cardiomyocytes as revealed in A549 cells, phosphorylation of the down-
stream effector Smad2 was evaluated in PIM1 cardiomyocytes by immu-
noblot analysis. Cardiac-specific overexpression of PIM1 resulted in a
39% reduction in pSmad2 levels compared to NTg (Figure 5A and B).
Pim1-KO cardiomyocytes also displayed an up-regulation of pSmad2
compared to PIM1 (see Supplementary material online, Figure S4A and
B). However, there was no significant difference in pSmad2/Smad2 be-
tween the NTg and Pim1-KO (see Supplementary material online, Figure
S4A and B). Adult cardiomyocytes already have very low basal levels of
Pim1 which could account for the lack of difference observed between
the NTg and Pim1-KO. Immunoblot analysis of pSmad3 also revealed a
reduction of TGFp signalling in PIM1 compared to NTg and Pim1-KO
(see Supplementary material online, Figure S4C and D). Additionally, PIM1
cardiomyocytes showed significant down-regulation of TGF} pathway
target genes Serpine and FoxA2 (Figure 5C and D). Taken together, these
results demonstrate the role of PIM1 in maintaining telomeres in cardio-
myocytes through inhibition of the canonical TGF signalling pathway.
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Figure 4 Telomere length is maintained by TGF inhibition in cardiomyocytes. (A) Quantification of telomere lengths in isolated adult mouse cardio-
myocytes treated with 4 ng/mL TGF or 10 uM TGFR-In for 48 h via gRT-PCR. n =5, error bars represent SEM, *P < 0.05 vs. Veh and vs. TGFp as mea-
sured by one-way ANOVA followed by Tukey’s multiple comparison test. (B) Quantification of telomere fluorescence intensity indicated as mean
fluorescence values from qFISH in isolated cardiomyocytes. n = 3 biologicalx 3 technical replicates per group, error bars represent SEM, ***P < 0.001 vs.
Veh and vs. TGF3 as measured by one-way ANOVA followed by Tukey’s multiple comparison test. (C) Representative qFISH images of telomeres
(white) in cardiomyocytes stained with DAPI (blue). Scale bar represents 75 um. (D) Immunoblot of TGF3 expression in NTg and PIM1 cardiomyocytes
with corresponding quantification of (E) latent and (F) active TGFB expression. n = 3, no significance as measured by Student’s t-test.

3.6 Pim1-mediated maintenance of telo-

mere length is TERT dependent

Upon TGFp stimulation, Smad2/3 is phosphorylated and translocated
into the nucleus where it binds to the TERT gene promotor, repressing
transcriptional activation of TERT." To determine if TERT is involved in
PIM1-mediated telomere maintenance in cardiomyoctes, TERT protein
expression was analysed in PIM1 and Pim1-KO cardiomyocytes.
Expression of TERT was coincident with telomere length such that PIM1
mice had increased TERT levels compared to NTg (Figure 6A and B).
Conversely Pim1-KO mice had significant reduction in TERT protein ex-
pression relative to Ntg (Figure 6A and B). The mechanism underlying
PIM1-mediated telomere maintenance was further assessed by knocking
down TERT expression in cardiomyocytes isolated from NTg and PIM1
mice. Knocking down TERT blunted PIM1-mediated increases in telo-
mere length indicating that TERT is a critical intermediate in PIM1-
mediated telomere maintenance in cardiomyocytes (Figure 6C).

4. Discussion

Telomere-associated cellular senescence of cardiomyocytes remains a
hallmark of heart failure that contributes to long-term deterioration of
the heart.* Telomere attrition in mouse cardiomyocytes resulted in

increased cardiomyocyte apoptosis, cellular hypertrophy, up-regulation
of the senescence marker, p16, and increased levels of the proapoptotic
transcription factor, p53.%%° Functionally, hearts with critically short telo-
meres in cardiomyocytes displayed cardiac dysfunction characterized by
increased end diastolic left ventricular pressure and decreased contrac-
tility and relaxation of the left ventricle.’® Delineating mechanisms of
telomere length maintenance are key to antagonizing telomere-associ-
ated cellular aging and preserving cardiac function. Herein, we establish a
novel link between two major signalling molecules that regulate telo-
mere length. PIM1 inhibits phosphorylation of Smad2, the downstream
effector of TGFp signalling, which in turn maintains telomere length
in vitro. These findings provide novel insights into PIM1-mediated mecha-
nisms in maintaining telomere length and antagonizing cardiac cellular
aging.

Previous reports have demonstrated PIM1-mediated telomere main-
tenance in CICs depends upon TERT activity.” CICs overexpressing
PIM1 showed no increase in telomere length following treatment with a
TERT inhibitor, suggesting that PIM1 maintains telomeres through a
TERT mediated pathway.” Telomeres are maintained by telomerase en-
zyme that comprises telomerase RNA template (TER), and the protein
component, TERT." TGF signalling has been shown to negatively regu-
late telomerase activity by repressing expression of the TERT gene." In
the presence of TGFf, Smad2/3 is phosphorylated and translocated into
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the nucleus where it binds to the TERT gene promotor, repressing tran-
scriptional activation of TERT." Inhibition of TGFB signalling is likely
influencing telomere length in a similar manner in cardiomyocytes.
Findings from this article suggest PIM1-mediated telomere maintenance
through inhibition of TGFp signalling potentially occurs in a TERT-de-
pendent pathway.

Collectively, findings from this study along with previously published
reports emphasize the crucial role of Pim1 kinase in reversing aging phe-
notypes in different cardiac cell populations and antagonizing myocardial
aging by preserving telomeres. Additionally, Pim1-mediated inhibition of
TGPF signalling further preserves cardiac function. Endogenous TGFpB
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Figure 5 Expression of TGF3 downstream targets is reduced by
PIM1 in cardiomyocytes. (A) Western-blot image of pSmad2 and total
Smad2 in non-transgenic (NTg) and PIM1 cardiomyocytes. (B)
Quantification of pSmad2 over total Smad2 protein expression in cardi-
omyocytes. n = 3, error bars represent SEM, *P < 0.05 vs. NTg as mea-
sured by Student’s t-test. (C) Serpine1 and (D) FoxA2 gene expression in
NTg and PIM1 cardiomyocytes. n=3, error bars represent SEM,
*P < 0.05 vs. NTg as measured by Student’s t-test.

signalling in the heart contributes to the pathogenesis of cardiac fibrotic
and hypertrophic re-modelling in the pressure-overloaded heart.'
TGFB signalling drives pathological hypertrophy through suppression of
antioxidant genes Mt1/2.3" PIM1-mediated inhibition of the TGFp signal-
ling pathway in cardiomyocytes (Figure 5) suggests a plausible mechanism
by which Pim1 inhibits pathological re-modelling and preserves cardiac
function with age and post-injury. On the other hand, a recent report
documented the involvement of PIM1 in Smad2/3 activation in clear-cell
renal-cell carcinoma,®” indicating differential regulation of Smad2/3 by
Pim1 in different cell types. PIM1 has been demonstrated to play a dual
role in cancers, acting as either an activator or an suppressor depending
on the type of cancer.>? PIM1 is overexpressed in breast cancer, meso-
thelioma, glioblastoma, and clear-cell renal-cell carcinoma and contrib-
utes to increased Smad2 phosphorylation and EMT.*? Conversely, PIM1
is down-regulated in other cancers such as pancreatic ductal carcinoma
and non-small cell lung cancer.>23* Therefore, the interaction between
PIM1 and Smad?2 is highly dependent on the cell type and the associated
signalling pathways. In this study A549 cells, a non-small cell lung cancer
line, were utilized because these cells have very low basal expression of
PIM1, similar to adult cardiomyocytes.

While the present study introduces a novel mechanistic link between
Pim1 and TGF signalling pathways in telomere regulation, the mecha-
nism in the signalling cascade remain to be elucidated. Pim1 is a serine/
threonine kinase that phosphorylates a multitude of targets including
Bad, p21, and Cdc25A35% However, findings demonstrate that overex-
pression of Pim1 results in decreased levels of phosphorylated Smad2
(Figures 2 and 5). The antagonistic relationship between Pim1 and Smad
phosphorylation supports previous reports demonstrating a repressive
effect of Akt upon the TGFP pathway. The mechanism of Pim1-
mediated inhibition of SMAD?2 phosphorylation has not been identified,
but it hypothesized that Pim1 acts in a similar manner as Akt. Akt has
been shown to inhibit TGFB signalling through direct interaction with
Smad3.*8*” Co-immunoprecipitation assays show that Akt physically
binds unphosphorylated Smad3 to sequester it outside the nucleus and
to prevent its phosphoryla‘cion.38'39 This interaction is constitutive but is
inhibited by treatment with TGFR.383 Furthermore, inhibition of Smad3
phosphorylation by Akt occurs in a kinase-independent manner. A cata-
lytically inactive Akt mutant is effective at suppressing TGFB-mediated
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Figure 6 PIM1-mediated maintenance of telomere length is TERT dependent. (A) Western-blot image of TERT expression in NTg, PIM1, and Pim1-
KO cardiomyocytes. (B) Quantification of TERT protein expression in cardiomyocytes. n =5 biological x 1-3 technical replicates per group, error bars
represent SEM, **P < 0.01 and ***P < 0.001 as measured by one-way ANOVA followed by Tukey’s multiple comparison test. (C) gRT-PCR quantification
of telomere lengths in transduced cardiomyocytes. n = 3—7 per group, error bars represent SEM, **P <0.01 as measured by one-way ANOVA followed

by Tukey’s multiple comparison test.
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apoptosis.39 Pim1 operates downstream of Akt and mediates the cardio-
protective signalling of Akt.” Akt is a serine-threonine kinase involved in
cell proliferation and survival” Nuclear accumulation of Akt induces
Pim1 expression, mediating the cardioprotective effects of Akt.*
Ablation of Pim1 induces Akt expression and activation, but the increase
in Akt activation does not mediate enhanced recovery or reduced apo-
ptosis following infarction, indicating that the cardioprotective effects of
Akt depend on Pim1.” Future studies could assess whether Pim1-
induced Smad inhibition is a consequence of physical interaction and se-
questration of Smad proteins. Additionally, identifying downstream effec-
tors of Pim1/TGFp signalling in telomere regulation remains a topic for
future investigations.

In summary, findings from this article demonstrate a novel mechanism
by which PIM1-mediated inhibition of the canonical TGF signalling path-
way contributes to telomere maintenance, consistent with cumulative
evidence of Pim1-induced reversal of aging phenotypes, particularly in
myocardial aging. Preservation of a youthful cellular phenotype is key to
blunting damage in the injured myocardium and preserving cardiac func-
tion. Profound mechanistic understanding of telomere maintenace could
provide valuable information towards developing novel therapeutic
strategies for heart failure as well as a variety of age-related disorders.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Telomere maintenance is associated with preservation of cardiomyocyte functional competency and survival, with telomeric shortening linked to
cardiomyopathic disease. Aging also contributes to telomere erosion that contributes to deterioration of myocardial performance. Pim1 kinase
mediates beneficial effects to preserve cardiomyocyte survival and function and this report demonstrates a novel molecular mechanism of Pim1 ac-
tion to mitigate telomeric shortening. Findings linking Pim1 to telomere biology introduce another facet of cardioprotection that can be developed
as a molecular interventional approach to treat myocardial injury and heart failure.
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